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SEX-LIMITED INHERITANCE IN POULTRY 


C. B. DAVENPORT 

From the Station for Experimental Evolution^ Carnegie Indiiution of W ashington 

EIGHT FIGURES (COLORED PLATEs) 

1. SCOPE OF THE PAPER 

The problem of sex-limited inheritance has been studied by two 
converging lines of attack. On the one hand, Doncaster and 
Raynor ('06), Punnett, Bateson and his pupils in England, and 
Spillman, Pearl, Morgan and others in dhis country have used 
the methods of the experimental breeder; on the other hand, 
McClung, Stevens and Wilson have used the method of cytologi- 
cal study. The results gained constitute one of the greatest 
advances made in biology during the present decade, if not in 
the history of science. The details of the interpretation of the 
facts have been modified from time to timp as light* has been 
thrown upon them from new angles but we seem now to have 
reached a formula that is satisfactory in its simplicity and is in 
accord equally with the data of cytology and of breeding.* I 
judge it worth ^vhile to take the occasion of the presentation of 
certain new data to review briefly the earlier experiments on sex- 
limited inheritance in poultry and to show how the new and sim- 
pler formula accounts for the observed facts quite as well as the 
various interpretations of the respective authors, 

2. THE FORMULA 

The formula that I shall adopt and apply is that which Wilson 
has proposed ('ll, 'll a) as a consequence of his cytological stud- 
ies; and- which Morgan also, has reached (TO, Tl, T1 a) through 
his experimental work in breeding flies. In its application to 
poultry, in the form herein adopted, it is that sex-limited charac- 
ters have their determiners located in the sex-chromosome. This 
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is not to state that all of the elements out of which such charac- 
ters arise are located there but that something that plays a pre- 
dominating role in the development of such characters is located 
there. The male fowl is positively homozygous, or, as I prefer 
to call it, duplex j in respect to the sex determiner just because it 
has, probably, two sex-chromosomes or their equivalent in the 
somatic cell. Consequently each of its sperm-cells contains a 
sex-chromosome and, hence, a determiner for each independent 
sex-limited character. The female fowl, on the other hand, is 
heterozygous, or simplex, in respect to the sex-determiner just 


Gametes of the 
male; all carry a sex- 
chromosome with its 
determiner. 


i i 9 



Gametes of the 
female; only half 
carry a sex-chromo- 
some. 


because it has, probably, one sex-chromosome or its equivalent 
to the cell. Consequently, only half of the matured eggs of a 
hep have a sex-chromosome and, hence, a determiner for^^each 
independent sex-limited character. The o^er eggs lack the 
determiner for any sex-limited character.^ 

The consequences of the theory outlined above may best be 
shown graphically and this I have attempted in fig. A. The 
circles represent sex-chromosomes and the included figures are 


* It must be admitted that, while the parallelism of cytological and experimental 
results has lieen shown in several cases, yet in the onl}^ published observations on 
the spermatogenesis of the fowl (Guyer, ’09, p. 579) it is concluded that in the cell 
division Unit gives rise to the definitive sperm cells "the odd chromosome passes 
undivided to one pole in the vast majority of case.s.” It must, however, be con- 
sidercd'that the chromosomes of the testis of the fowl are particularly crowded 
and hard to disentangle undone is justified in awaiting a confirmation of Guyer’s 
results before attempting to bring them into harmony with the theory here 
adopted or rejecting a theory which explains practically all the results of experi- 
mental breeding of sex-limited characters. 



SEX-LIMITED INHERITANCE IN POULTRY 


3 


symbolical of the presence of two sex-limited characters. The 
presence of a determiner for a sex-limited character is indicated 
by a solid symbol; the absence of the determiner by a hollow sym- 
bol. The absence of a sex-chromosome is represented by a 
dotted circle without included determiner. 

Let 1 and 2 rQpreselit the sex-chromosomes of the spenii cells 
of one face, present and alike in all the sperm. Let 3 represent 
from another race, one of the eggs that contains the sex-chromo- 
some and 4 one of the eggs that is without it. Let the two kinds 
of eggs be equally numerous and equally apt to be fertilized, ^y 
the theory the union of two germ-cells that botn contain sex-‘ 
chromosomes determines a male; the fertilization of an egg that 
lacks a sex-chromosome by any of the sperms determines a female. 
It is clear that, in the male progeny, deti^rminers for sex-limited 
characters come from both germ-plasms and the sons show the 
dominant sex-limited characters of both. races; on the other hand 
the daughters show the sex-limited characters of their sires only. 
It is easy to see that in a reciprocal cross the sons will shovl^ the 
same characters as before but the daughters, inheriting their sex- 
limited characters solely from their fathers, will be different 
because they have different fathers. 

3. SEX-LLMITKI) CHARACTERS HERETOFORE DESCRIIVIOD OF 
THE TYPE SHOWN BY POULTRY 

L The first case of sex-limited inheritance in the modern senr^c 
that was worked out by modern methods of analysis and with an 
approximation to the modern interpretation was, as is well known, 
that of the English current moth, Abraxis grossulariata, and its 
variety, lacticolor. This brilliant achievement of Doncaster 
and Raynor (’06) marks an epoch. According to our present 
interpretation this case is simply one in which the variety (lac- 
ticolor) has arisen by the dropping out of a factor, G, possessed 
by the grossulariata, so that lacticolor may be represen ted. by g 
(table 1). 

The results of Doncaster and Raynor agree closely with, ex- 
pectation as indicated at the right of table 1, and sustain the 
hypothesis that in the female the sex-determiner is simplex. 
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TABLK 1 


1 


2 


3 



cr'cf 


9 9 

remarks 

Gametes 

grossul. 

IG 

X 

lacticol. 

g 


Fi 

Og 


G 

^oth c? and 9 hybrids 
are grossul. 


Fi (rfossuI. X lacticol) X Fi (grossul. X lacticol.) 


Gametes j 

fG 

Ig 

G 


F, 1 

(GG 

G 


[Gg 

g 

All grossul.; 50 

percent? 9 grossul. 
50 per cent 9 9 lac- 
ticol. 


P\(grossal. X lactiool.) X lacticol. 9 


Gametes 


g 


u ■ 


Offspring 

(Gg 

Igg 

GG 

g 50 per cent cfc? and 



50perccnt 99 
grossul,; the others 
lacticol. 


lacticol. 

X F (grossul. X lacticol.) 9 

Gametes 

(g 

G 


Ig 


Offspring 

/Gg 

iGg 

g 

g All cf'd' grossul. all 



9 9 lacticol. 


2. The case of the cinnamon canary was worked out by Dur- 
ham and Marry at (T9) confinning and "greatly extending the 
fancier’s knowledge of breeding in this race. As is well known, 
we have in the cinnamon race a dilute black pigment in the 
plumage and in the iris giving the juvenile ^pink’ eye. The 
green and the yellow canaries have, on the other hand, a black 
iris, which vre may designate by B. The pigment condition in 
the cinnamon is represented by b. The results to be expected 
from various matings are given in table 2. The actual results 
obtained from the given matings agree closely with expectation. 
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TAlil.E 2 

Vjlions of sexMmitcd dctcrmiyiers for black (ris pigmcntaiioft in pink-c-ycd X 
black-eyed canary ynatings. 






9 9 

HKUARK8 ^ 


black-eyed 

X 

pink-eyed 


Gametes 


IB 

Bb 


b ^ 


Fi 



Bb 

All hybrids of both 






sexes are black- 
eyed 


pink-eyed 

X 

blaek-eyctl 


Gametes 


ib 

Bb 


h 


F, 



h 

All males are black- 






eyed; all females 
pink-eyed 


F[ black-eyed 

X 

pink-eyed . 


Gametes 


fB 

(b 


b ' 


Offspring 


[Bb 

(bb 


1) 

Half of tlie o' o' and 






half of the 9 9 
black-eyed; the 
others pink-eyed 


Fi black-eyed 

X 

black-eyed 


Gametes 

i 

1 

Jj 

f BB 
[Bb 


B 


Offspring 

. i 


n 

h 

All males are black- 






eyed; oO per cent 
9 ^ black-eyed; 






others pink-eyed 


3. The case of the inelanoji;eiiesis in the skin of the Silky fowl 
was worked out by Pimnett in connection with Bateson (’09) in 
a series of experiments. The interpretation that they gave to 
their results is complicated; that afforded by the new theory 
affords a simpler explanation. The unpigmented skin appears 
to have an inhibitor (I) which the black skin of the Silky lacks (i). 
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Table 3 gives the various matings and the proportions to be ex- 
pected. On account of the facts that (a) pigment develops 
slowly and most of the offspring had to be described early and 
(b) that more than one factor may be involved in the production 
of pigment, the gelation of actual to expected was not always very 
close. 

TABLE 3 

1 Brown Leghorn ^ X 

Gametes » || 

F, li 


9 ? HEMARKa 

Silky 


I In all hybrids raelano- 

genesis is inhib- 
ited 


Silky X B. Leghorn 

Gurnet es \ ! 

Ih ■ 

Fi li i In all males melano- 

genesis is (partly) 
inhibited; but in 
9 9 not 


3 Pi (Silky o’ X Leghorn cT) X Fi (3ilky d' X Leghorn 9 ) 


Gametes i 

'1 

[i 

i 


K, I 

fli 

I 

In both sexes, approx- 
mately half have and 
half lack the mela- 
nogenetie inhibitor 


i 


4 


Fi (Leghorn X Silky 9) X Fi (Leghorn d X Silky 9) 


Gametes 


I 


(li i No fully pigmented 

male birds expected 
(though some 
found) as young; 
and 9 9 half pig- 
mented, half unpig- 
mented 


-r 
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TABLE 3— Continued 


Fi(Lcghora X Silky) X Brown Leghorn 


Gametes 

I 


^ II 

Offspring { j. 

I 

i 

Xo fully pigmented 
o’o"'; half of the 
9 9 ])igmented 


6 BrownLeghorn X Fi(Lcghorno'’ X Silky 9 ) 

Gametes || * 

Offspring II I In all birds deep pig- 

mentation is in- 
hibited 


Fj (Leghorn X Silky) 
Gametes 

Offspring 


Jl 

li 

fli 


X Fi (Silky cT X Leghorn 9 ) 
i 

I 

i In both sexes equal 

numbers of unhib- 
ited and inhibited 
pigmentation 


Silky 

Gametes || 

Offspring li 


9 Silky 

Gametes l! 

Offspring ii 


X Fi (Leghorn cT X Silky 9 ) 

I 

i In all pigmenta- 

tion only partly in- 
hibited; all 9 9, 
deeply pigmented 

X Fi (Silky d X Leghorn 9 ) 


i All offspring fully pig- 

mented 


4.. Barring in Plymouth Rock poultry follows a similar law to 
Silky pigmentation. Spillman (’08) first pointed this out for 
the Barred Rock X Indian Game cross and his results were 
confirmed by Pearl and Surface (’10, ’10 a, ’10 b). Goodale (’09 
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and 41) has studied sex-limited barring in Barred Rock X Buff 
Rock and Barred Rock X Brown Leghorn crosses. In general 
the results of these matings, on the new hypothesis, are as indi- 
cated in table 4, where B stands for the barring factor and h for 
its absence. 

o. That the black and red markings of the Brown Leghorn 
and the gray of the White Wyandotte are also sex-limited is 
maintained by Sturtevant (i(.l) in a brief notice. When the 
Brown Leghorn was used as the father the eight daughters- were 
all brown; but in the reciprocal cross they (all three) were gray; 
the male offspring were gray in both crosses. 


TABLE 4 


Inheritance of barring in barred X non-barred matings 


d'd' 


9 9 


REMARKS 


Gametes 

Fi 


barred 

B 

B 

Bb 


X non-barred 
b 

B All birds are barred 


Gametes 

Fi ’ 


non-barred 

{>> 

Bb 


X barred 

B 

b All cfcf barred; all 

9 9 non-barred 


3 


Fi (barred d' X non-barred 9 ) X 


Gametes 


F2 


BB 

Bb 


Fi (barred d X non-barred 9 ) 

B 

B 

b All dd barred; fe- 

males, 50 per cent 
barred; 50 per cent 
non-barred 


4 Fi (non-barred X barred 9) X Fi (non-barred d X barred 9) 

Gametes 

Bb B 

bb - b 50 per cent of. cf cf 

and 50 per cent of 
9 9 non-barred; the 
others barred 
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6. The Black-red Game Bantam has the same color as the 
Brown Leghorn. Hagedoorn (’09) crossed it with a Brown-red 
Game, which differs from the Leghorn chiefly in that, in the male, 
the black breast feathers are laced with brown and the females 
are all black except for the brown lacing of the nest feathers. 
But a more important difference is seen in the chicks; for in the 
Black-red Game the chicks arc striped while in the Brown-red 
Game they are black in both sexoe. Striping, S, is dominant 
over its absence, s (table 5). 

As a matter of fact Hagedoorn did not get the expected result 
in mating 3, which may be due to tlie fact that he had too few 
offspring. He states that all young females were like the mothers 
and all males tested were heterozygous like the father. 

7. When Brown Leghorn is crossed with White l^lymouth Rock 
there is an apparently more complicated sex-limited inheritance, 
since the Wiite Rock carries the barring factor, B, but lacks the 
color factor, C (Goodale, TO). Galling L the factor that deter- 
mines the Brown Leghorn coloration and I its absence; C the 
color-factor (which is not sex-limited) and c its absence, the 


d^d' 


Gametes 

Fi 


black-red 



2 Brown-red 

[s 

Gametes ( 
is 

Fi Ss 


TABin 5 

9 9 

X brown-red 
s 


8 

X black-red 
S 


3 


Fi (black-red cf X brown-red 9 ) X 
Gametes \ "" 

Ff SS 

Ss 


black-red ? 

S 

S 

s 


UKMAHKS 


All chicks are striped 


All males striped and 
black-red; all 9 9 
un-striped and 
brown-red 


All males and 50 per 
cent fcmalesstriped ; 
others unstriped 
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results of this md,ting are shown in table 6. The numbers of 
offspring obtained were small. To the right is given the approx- 
imate numerical result. 

4. THE NEW CASE OF A SEX-LIMITED CHARACTER IN POULTRY 

L Material employed 

In iny experiments I used poultry belonging to the Brown Leg- 
horn and the Dark Brahma races — two races that have very dis- 
similar plumage colorations and exhibit a sex-dimorphism in 
pattern and coloration. They are, consequently, well adapted 
to testing again the behavior of sex-limited characters in fowl. 
The points of difference considered in the two races are indicated 
in table 7 both for the males and the females. 

TABLE 0 ' 


1 

Gametes 

F, 


X White Rock 
B 

L The males only barred ; 

the females either 
black with orange- 
laced hackle or ap- 
proximately Brown 
Leghorn 

X Fi (White Rock cf Brown Leghorn 9) 

BC or Be 
-c or — C 
Bcc 

BCc Half o^cr’ white; half 
barred; 9 9 half 
white, half barred 


BrOwn Leghorn 

Gametes \ ^ 

iv 

Fi^ BL 


White Rock 
Be 
Be 

f BBcc 
(BBCc 


Gaipctcs 

Olfspring 


o’ o' 

9 9 

REMARKS 

White Rock 

X Brown Leghorn 


/Be 

LC 


\Bc 

~C ' 


BcLC 

BCc 

Both sexes barred; 
the males, only. 



splashed with 
Brown Leghorn 
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TABLE 7 

Sex-dimorphic racial characterisfics 

CHABACTER8 BROWN’ LKBllORN 


DARK IJHAHMA 


A. Male {Figs. 1 and 2) 


Lacing (marginal coloration) of 


hackle and saddle Red 

Upper wing coverts (wing bow) Red 


White (dominant) 
Wliito, trace of red in 
middle zohe 


B. Female {Figs. 3 and 4) 

Lacing of hackle Golden yellow , Silver white 

Rack and upper wing Light brown, /i n e 1 y 

stippled with darker Gray, with three con- 
centric loops of black 
(penciling) 


2. Matings and results 

The Fi generation. In 1910 I mated (Pen 1009) a Brown Leg- 
horn cock- (No. 14123) to various Dark Brahma hens that had 
been bred by me and were descended from Nos. 121 9 and 122cf 
described by me in a former publication (Davenport, ’06). The 
following mothers produced offspring that grew to maturity so 
that their permanent plumage could bo described: Nos. 5835, 
7549, 7859, 7869, 8001, 11160. Moreover, I mated in Pen 1015 
a Dark Brahma cock (No. 11161) to a Brown Leghorn hen of the 
same origin as the co^k of Pen 1009. About fifty-four chicks 
were reared from these two pens and their adult plumage color 
studied. The distribution of plumage colors in the two sexes 
and the two sets of experiments is set forth in table 8. 

Table 8 gives a definite answer to the question of the method 
of inheritance of the characteristics considered. In the reciprocal 
crosses of Pens 1009 and 1015 the 27 males are all alike; but the 
females differ according as the Brown Leghorn or the Dark 
Brahma is used as father and in their hackle color they resemble, 
in both cases, the father (figs. 5 and 6, 7 and 8). 

^ Bred by and purchased from H. W. Smith, I slip, Long Island, N. Y. 
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TABLK 8 

Frequency of specified characters in the offspring in the given matings 


Mating 

ilATtxG 100^. Fj (Brown Leuhorx cT X Dark Br.-uima 9) 1015. Fi 

{Dark. 


ClfAR.ACTERISTICS 



mothers’ 

NCMBERS 



TOT.AL 

Bbow.v 

Leghorn) 


58157 

; 7549 

i 7859 ‘ 

7889 

8001 

11160 


; 14129 

Males with lacing white. . 

2 

1 9 

' 7 

! 2 

2 

1 

21 

2+ 

Males w'ith lacing reel, . , . 

0 

' 0 

^ 0 ' 

0 

0 

0 

0 

0 

Males with w'ing bar white 

0 

1 0 

: 0 

0 

0 

0 

0 

0 

Males with wing bar red ... 

2 

' 9 

7 1 

2 

2 

1 

21 

6 

Female.s wdth lacing white 

0 

^ 0 

0 ’ 

0 

0 

0 

0 

. 4 

Females with lacing golden 

2 

' 7 

3 

7 

2 

4 

23 

,0 


The male offspring, although all remarkably alike, are like the 
males of neither of the races involved: for the}^ have the white 
lacing that is characteristic of .the Dark Brahma and the red 
upper wing coverts that are characteristic of the Brown Leghorn — 
thus their characteristics are clearly derived from the germ-plasm 
of both parents. Can the same be said of the characteristics of 
the female offspring? So far as concerns those characters that 
are not sexually dimorphic such inheritance from both parental 
germ-plasms is clear, for the pullets of the reciprocal crosses are 
alike in having pea combs instead of single combs and in having 
slight in place of heavy boating. Ordinary somatic characters 
follow the ordinary laws of equivalence in reciprocal crosses. 

Even in the sexually dimorphic character of pattern of the 
feathers of the breast, back, and upper wiifg there is only a slight 
difference in the reciprocal crosses. Thus, when the Dark Brahma 
is taken as father, while the pullets (fig. 8) all have the gray back- 
ground on the feather correlated with the white hackle, the broad 
concentric loops, on the contrary, shown in fig. 4, are replaced 
by finer loops which are more or less discontinuous and show 
a transition to the condition of stippling characteristic of the 
Brown Leghorn hen. The pattern is quite the same in the pullets 
(fig. 7) derived from the Brown Leghorn father. The pattern 
is truly intermediate. Also, in both crosses, the amount of red 
on the wing in the pullets is intermediate (figs. 7, 8) although 
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the general ground color is determined almost exclusively by 
the father^s germ plasm. The shafting, likewnse, is intermediate, 
inasmuch as it is sometimes absent (though usually present 
to an intermediate degree) in pullets from a Brown Leghorn 
sire and is usually absent, but sometimes (as in fig. 7) shows, 
in pullets from a Dark Brahma sire. Even though we make 
every allowance for the circumstance that the pullets figured 
are only about eight months old— an age at which the sharp 
contrasts of the adults are lacking— still the conclusion can not, 
I think, be avoided, that not all sex-dimorphic characters are 
sex-limited. 

The Fz generation. In the spring of the following year (1911) 
I mated together the (Brown Leghorn ^ X, Dark Brahma 9 ) 
hybrids in Pens 1112 and 1115; and the (Dark Brahma X 
Brown Leghorn^ 9 ) hybrids were mated in Pen 1126. The 
results from these two sets of matings are given in table 9. 

Expectation in the mating of a male Fi (Brown Leghorn cf X 
Dark Brahma 9 ) by a female of the same origin may easily be 
deduced by the formulae used in the earlier part of this paper. 
Table 10 gives the formula for inheritance of lacing; IF, white 
and absence of white. 

This formula indicates that half of the father’s sperm have 
and half lack the W factor (inhibitor of formation of red pigment). 
By hypothesis only half of the eggs have the sex-chromosomes and 
these eggs all carry absence of white (i.e. golden) hackle. Con- 
sequently, white X golden ( = while) and no white, or red, X 
golden ( = red) combinations for hackle color should be equally 
common in the males; actually there are eight white hackles to 
four red. Though the numbers arc small and the accord is pro- 
portionately not close yet the absolute departure from equality 
is small and the result is of the expected order -both types of 
hackle color occur in approximately the ratio of 1 : 1. Likewise, 
since, by hypothesis, the sex-limited characters of the pullets are 
derived solely from the sperm there will be two f^rts of pullets, 
equally numerous, viz., white-laced and goldendaced. Actually 
these occur in the proportions of 10 to 7. Again the proportions 
are of the expected order. 
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TABLE 10 

Fi (Brown Leghorn & X Bark Brahna 9 ) X F, [Brown Leghorn o' X Dark 
Brahma 9) 

Inheritance of hackle lacing 
\\ 

\V 50 per cent of tlio 

w males with white 

hackle; 50 per cent 
with red; same 
with the females 

Keturhing to the males, the inheritance of the color of the wing- 
bar has to be considered. By hypothesis, the sperms of the hy- 
brids carry in equal numbers, red-bar and no red (white) bar: 
while the eggs all carry red-bar. Two kinds of males with the 
same external appearance are, accordingly, to be expected; 
namely, duplex and simplex red-bar. All offspring recorded had 
red wing-bar, but in some cases less strongly developed than in 
the pure Brown Leghorn race. In all cases, then, the results 
agree with hypothesis. 

The matings of hybrids of the reciprocal cross (viz., Dark 
Brahma d' and Brown Leghorn 9 ) yielderl few offspring, only two 
males and four females; but the results are i.ot without interest. 
By hj^pothesis, in hybrid males half of the sperms have the deter- 
miner for white lacing and the remainder for red lacing; also half of 
the sperms have the determiner for red wing-bar and half lack it. 
All hybrid pullets carry the determiner for \N'lhte lacijig in half 
of their eggs and for white wing-bar in half of their eggs. • It 
follows that of male ohspnng all should have white lacing, and 
half should have red and half white wing-bar. Of the female 
offspring, on the other hand, half should have r('d and half white 
lacing. The formulae are as given in table 11. Actually each 
class is represented in exactly the expected proportions. 


G:imctes 

Fi 


/W 

Iw 

/ Ww 
(ww 
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TABLE 11 


F\ {Dark Brahma cf’ X Brown Leghorn $ ) X {Dark Brahma cf X Brown 
Leghorn 9 ) 

For hackle lacing, W 


Gametes , 

F, 


a'd’ 1 

9 9 

REiMAHKa 

w i 

w 


W 



WW 

I W 


W\v ' 

' w 

Jlxpectation ; all cf cT and 50 per cent 


females with white lacing; 50 per 
cent 9 9 with red lacing 


For wing 6arR, evident in males only 


Gametes. 
F2 


/ 


R . r 
r 

Rr 

rr Expectation ; 50 per cent males with 

red wdng bar and 50 per cent with 
white 


CONCLUSIONS 

The foregoing observations thus accord with the hypothesis 
that the male carries two sex-chromosomes and the female one; 
and that the determiners for certain secondary sex-characters are 
centered in the sex-chromosomes. We have still to consider the 
question: Are all sex-limited characters carried in the same 
chromosome? This does not imply that the scx-limited charac- 
ters of one variety shall always appear together. This is obviously 
opposed to the facts, for in the first hybrid generation a white 
hackle (Dark Brahma) and red wing-bar (Brown Leghorn) appear 
together; and must always do so when the determiners for these 
dominant traits are in the same zygote. In F2 from Brown Leg- 
horn grandfathers two kinds of males are possible on the hy- 
pothesis that the two sex-limited determiners are united, as in the 
same chromosome: namely, with both red hackle and red wing 
bar (consequently, quite like the pure bred Brown Leghorn) and 
with red hackle and white wing-bar (the hybrid type) ; and these, 
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and they only, were realized. Thus tlu^ eon hination white 
hackle — white wiii^-bar (pure Dark Hrahina type) did not occur. 
In Fa from Dark Brahma grandfathers two kinds of nialcs are 
possible, viz., those lik? the pun' bred Dni'k Hrahiiia and hybrids. 
Of the two males that matured one beloi^ged to (lie Dai’k llraluua 
type and one to the hybrid type but the Brown Leghorn combi- 
nation did not rcappca?. Both sets of experiments thus speak 
strongly for the conclusion that all sex-limited characters are 
linked together in the sex-chromosome. 

Finally, our study throws light on the (juestioii whetlier all 
secondary sex-charactcrs arc sex-liniited — in the staise of being 
carried in the sex-chromosome. For if they are ive should ('xpect 
the female hybrid to inherit such characters from her father’s 
race only. But as we have seen, this not the caste The de- 
tails of penciling, stippling, and shafting show clear evidence of 
blending of conditions from both parental races, in the first hy- 
brid generation. Figs. 7 and 8 show how like the feather pattern 
is in the pullets of reciprocal crosses. This leads us, provision- 
ally, to classify sex-dimorphic characters into two classes: u, 
characters whose development is controlled primarily by deter- 
miners located in the sex-chromosomes and, ?>, characters whose 
development is specially influenced or modified, probably by 
secretions of the sex-glands, 

January 19, 1912 
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HEREDITY OF BODY COLOR IN DROSOPHILA 


T. H. MORGAN 

From the Zoological Laboratory, Columbia l-niversity 
FOUR COLORED FIOURES — PLATE 1 

Cultures of the fruit fly, Drosophila ampelophila, have given 
rise to three mutations in the color of the body and wings. The 
origin of these new types has been briefly described in a pre- 
liminary note, and some of the main facts connected with their 
iixheritance have been given there, but the principal data on 
which the statements rest have been reserved until the present 
time. The results include 81,070 counts. It may be asked 
what advantage is there in doing the experiments on so large 
a scale. Why would not a few cases with suitable tests show 
the mode of inheritance of the factors involved? The answei' 
is two-fold. The question of the relative viability can only 
be determined in this way, and for further work with these body 
colors it is necessary to know what role this condition plays in 
the numerical results. In the second placed! seemed worth 
while to illustrate on a large scale the phenomenon of sex-linked 
inheritance. It is an impressive fact, for instance, to find in 
the Fg generation (out of black female by brown male) 6124 
black females, 3015 black males and 2472 brown males. Not 
a single brown female in 11,000 grandchildren. While in the 
reciprocal cross there are present 2101 black females, 1987 black 
males, 1532 brown females and 1448 brown males. Siich results 
cannot fail, I think, to impress those who take a sceptical atti- 
tude toward the modern study of heredity. 

The black and the yellow mutants arose directly and inde- 
pendently from inbred, normally colored, or gray flies. The 
brown flies were produced by crossing and extracting. They 
also arose independently in cultures related to the black flies 
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but were at first supposed to be a particular kind of yellow iiy 
which was recognized, lioweveT, as diiTerent from the ordinary 
yellow and had been maintained in a separate culture. When, 
however, in the second generation from black and yello^v these 
same flies appeared, their relation to the other colors was appar- 
ent. Forms like these, that represent a type due to absences, 
derivable through combination of primary mutations may be 
said to arise by permutation. 

In making the counts I have been assisted by Miss E. AI. 
Wallace, Aliss Eleth Cat tell and Air. C. B. Bridges. In practi- 
cally all cases I have checked up each count after the separation 
had been made, so that the results stand for the agreement of 
two observers. Only in the case of separation of yellows and 
browns could any disagreement arise, and while I cannot claim 
for this case that the separation has been exact, I think that it 
is very nearly so. 

Descri'piion of the mutants 

The color differences between the normal, wild, or gray fly 
and the mutants is shown by the accompanying plate, figures 
1 to 4. The detailed comparisons are as follows: 

The wild fly. The upper surface of the thorax is olive yellow, 
the olive shade being very faint. As the flies get older the color 
deepens. Some of the wild flics have a black trident and two 
lateral black streaks on the upper surface of the thorax (not 
shown in the present case), but many flies do not show this 
marking. I have made a long series of selection experiments 
with this marking and have produced one race that never shows 
the trident, and another race that has a dark well-developed 
trident. How far the character is a fluctuating one and how 
far due to genotypic difference need not bo discussed here. 

The abdomen of the female is banded with lemon yellow and 
black. In the male there arc only two black bands as a rule; 
the end of the abdomen is black. The legs are colored like the 
thorax but somewhat lighter. The hairs on the body are black. 

The wings arc very transparent, blue gray or smoky. The 
veins appear dark, but under the microscope are seen to be 
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))rowDish yellow. There are uo dark bauds along the sides of 
the veins. The upper surface of the liead of the wild fly, and 
also of the mutants is colored like the tliorax. The udder surface 
of the abdomen is more yellow in the male, than in the female. 

The yellow fly. The upper surface of the thorax is yellow 
ochre in color and lighter than that of the wild fly. It is inter- 
esting to observe that the dark marking or shield is always 
absent from the yellow flies. 

The light bands on the abdomen are of the same color as the 
thoi^x, i. e,, pure yellow ochre, and lighter than those of the 
wild fly. The dark bands are brown. Tlie legs are the same 
color as the thorax. The ^’eins of the wings an* yellow lik(* the 
thorax. The interspaces (or background) are of a transparent 
golden yellow and strongly contrast with the color of tlu* 
wings of the wild fly. The hairs are bn)wn, instea(] of black 
as in the wild fly. 

The black fly. Tlie upper surfaci* of tin* thorax is tin* same 
general color as that of the wild fl}', but darker in the s(‘us{' of 
being browner. The black trident is always invsent an.d con- 
spicuous, and the two lateral mai kings ai'e also conspicuous. 
The trident is not only well developed, but a|) pears to be lougf'r 
and narrower than that of the normal. It is oiu* of tin* most 
striking features of the black mutant. Tie* light l)ands of tin* 
abdomen are darker than those of the norimd, but iml so dark 
as is the thorax. The dark Inmds ai-e veiy Idack. fl'he legs 
are blacker than the legs of the wild fly, especially tl\e more 
distal parts. The hairs on the body are 1)1 ack, Tln^ veins of 
the wings are very black. On each side of each ^^ein there is 
a dark (semitransparent) band. The interspaces hetw(‘en these 
bands are gray, but darker than the gray of the wing of the wild 
fly. While the black fly is blacker than the wild fly in nearly all 
of its parts, so that a heap of them is very dark compared with 
a heap of the normal flies, the most striking charactei’ that dis- 
tinguishes them from the other types is the dark wings witli 
the dark bands on the sides of the veins. 

The brotvn fly. The upper surface of the thorax is brown. 
The brown color deepens as the fly gets older, and the color 
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shown in the figure is that of an older fly. When first hatched 
the brown is more yellowish in shade, and not so easily dis- 
tinguished •from that of the older yellow flies. Mosb of the 
brown flies, especially the older ones, show a brown shield on 
the thorax, in form like that on the thorax of the black fly. The 
light bands of the abdomen are light brown and differ therefore 
from the yellow bands of the yellow fly. The dark bands are 
brown. The legs also show some brown. The veins of the wings 
are browui like the thorax. On each side of each vein is a brown 
band. It is by means of these bands that one can most readily 
separate under a lens the yellow from the brown fly. The 
interspaces between the bands are gray-brown, and more trans- 
parent than the bauds. The hairs are also brown. 

In separating the flies into the color groups, (after slightly 
etherizing) there is never any difficulty in distinguishing the 
gray from the 1)1 aek and from the yellow, provided they have 
not just hatched; but the yellow flies and the brown offer greater 
difficulties, especially when flies of different age are mixed to- 
gether, and when small flies are also present, due to starving 
the larvae. I do not feel certain that the separation of these 
two groups has been always perfect, but the errors are not great 
enough I think to vitiate seriously the classification. In some 
cases I have kept the flies alive for several days in order to verify 
my first sejjaration, and have found occasionally that one or 
two flies have been put into the wrong group. The errors have 
been in both directions, and counterbalance to some extent. 

I have followed the rule of classifiying flies as brown only when 
they were certainly brown, as shown best by the broad brown 
bands along the veins of the wings, and this has lead, I fear, 
to the inclusion oi a lew blown hies in the yellow g,xoup. 1 
have also tested my ability to separate these two groups by 
breeding doubtful flies, which, in general, I would have placed 
in the yellow category. If the fly in question is a yellow female 
and is bred to a black male, all the female offspring should be 
gray (because only the female producing sperm carries the factor 
for black) and all the males should be yellow. If the fly in 
question were a brown icinale, and were bred to a black male, 
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all the female offspring should be black and all the males brown. 
In general I have found my separation to be correct. The 
difficulty has arisen apparently in most cases with l^terozygous 
yellow females that contain only one dose of yellow instead of 
two, as does the ordinary pure yellow. In such cases two classes 
of females appear when crossed to black males, namely, gray 
and black, 

In regard to the distribution in the wild fly of the products 
of the three color factors, that go to produce its color, it is diffi- 
culf to speak with certainty, but from comparison with corre- 
sponding regions in the mutants when one or another of tlu^ color 
factors is absent it appears that the black regions are due to 
the black factor, but the brown may be present and overlaid 
by the black. At least it may be said that the black regions 
in the gray fly and in the black fly are brown in the brown fly, 
but of course it is possible that when the black develops the brown 
may not develop, or the black may even be a further stage of 
development of the brown pigment. The yellow of the wild 
fly also seems to replace the brown of the brown fly at least 
when yellow is absent the color of the yellow regions is brown. 
Possibly, as I have suggested, yellow when present inhibits 
brown, for otherwise it is difficult to see how the yellow fly 
should be lighter in color than the brown fly. 

The black flies are large and ^hgorous. There is no difficulty 
in breeding them or in crossing. The yellows are generally 
smaller (though not always) and are more delicate. They get 
stuck very easily to the moist sides of the culture bottles, and, 
being unable to free themselves, perish. They are moi’e rlifficult 
to breed and to cross. The brown flies although generally 

of the bottles and die. Otherwise they seem healthy. On t\ie 
whole the mutants are weaker than the normal flies, but the 
loss of the yellow factor that produces the black flies is less 
injurious then the loss of the black factor that produces the 
yellow fly. I have at times thought that the loss of both of 
the factors produces the \veakest fly iii the series the brown 
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Formulas 

The colc^ of the wild fly appears to be due to the presence 
of. three factors, Black (B), Yellow (Y) and Brown(Br). For 
brevity this color is spoken of as Gray, which corresponds nearly 
to the color of the semi-transparent wings. If the black factor 
(B) is absent (b) the color of the fly is yellow (Y), more especi- 
ally the wings. The yellow fly is therefore bYBr. Where 
the factor for yellow (Y) is absent (y) the fly is black,, more 
especially the wings. The black fly is therefore ByBr. When 
both black and yellow are absent the fly is brown, more espe- 
cially the wings. The brown fl}' is, therefore, byBr. The brown 
fly can always be produced by crossing yellow and black and 
inl^recaling the Fds whicii gi\ai by recombination some Browns 
in the .second, F^, generation. Of course, the same result would 
follow if both yellow and blaqk were lost from the gray fly 
at the same time, but this is unlikely since the black and the 
yellow factors lie in different parts of the hereditary complex. 

Of these three color factors tliat of black is sex-linked; the 
yellow factor is not sex-linked, and is contained in all gamete.s 
both in the male and in the female of gray and yellow flies. 
One must be careful to observe tliat while the factor for black 
is sex-linked the black fl}^, bred to gray does not .show sex- 
linked (sex-limited) inheritance; while the yellow fly bred to 
normal shows sex-linked inheritance. This will be clear from 
an examination of the analyses given below. 

All possible crosses have been made between these mutants, 
and, these may now be taken up in order. 

Wild {gray) by black 

When the female wild flies (Gray) are mated to male blaelc 
flies all of the offspring are gray. These Fi gray flies are darker 
than the wild flies, i. e., they arc to some extent intermediate in 
color between gray and black. It is true that there is much 
variation in these hybrids, and some flies can not always with 
certainty be distinguished from wild flies, but most of them are 
undoubtedly distinctly darker, especially the wings. How this 
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could occur may not appear clear at first si^ht, for both the 
wild gray females and the gray-black hybrids contain two doses 
of black— the only difference between the two is the absence 
of one dose of yellow, in the hybrids. If, in the absence of 
this dose of yellow, the black has a better chance to show itself 
more positively, we can account for the intenuediate char- 
acter of the hybrid. If such is the case, the yellow factor is to 
some extent a partial inliibitor of black. The saine ex[danati()u 
applied to the males is as follows: the wild gray male has only 
one dose of black (since black is sex-linked). It has two doses 
of yellow. The hybrid has also one dose of black (B) but only 
one dose of yellow. It differs, therefore, from the wild male 
in having one dose of yellow instead of two. The dai’ker color 
of the hybrid male would, in conse(iuon( e. be due to relatively less 
yellow than that present in the wild male. The ex]danati()n is 
the same therefore for both sexes, but it im^olves the assumption 
that the color of the wild female which is the same as that of 
the male is due to the presence of a double dose of H and ^ (BV, 
BY) while the color of the wild male is due to one dose of black 
and two of yellow (BY, Y). Removal of one Y from the wild 
female makes her darker; and similarly the removal of one Y 
from the wild male makes him darker also. 

The numerical results for the F-: generation are as follows: 


C; 9 by B d' 


;g 9 ^ 
d 


Ukay 9 

J ( rray d 
I Black 9 
'Black d 


dO'lt 

ISdl 

IJSO 


The expectation, as shown by the analysis below, calls for 
three grays to one black. There are 9914 grays and 2665 blacks. 
The blacks fall considerably below expectation, yet the 1)1 ack 
flies are a vigorous strain and appear in the cultures to breed 
as well as the grays. 

It will be noted that while tlie gray males run some 200 flies 
behind the females, the black males exceed the females by 100 
flics. 

Since these counts are from more complex crosses involving 
white eyes and short wings as well as red eyes and long wings, 
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and since the former characters are associated at times with 
diminishing returns, I give in the next table some results where 
only black and gray color are involved: 


(r 9 hy B 


fOray 9 867 

|0 9 ^ jGray S' ■ 811 

\(a S 1 Black 9 ‘ 201 

[Black S 180 


There are 1678 grays and 381 blacks. The ratio is approxi- 
mately four to one which is not very different from the pre- 
ceding ratio. The analysis of this cross is as follows: 


(Wny 9 BYBrX ^ BYBrX 
Bhi(‘k cf ByBrX — byBr 


dray 9 BYBrX — ByBrX 
dray BYinX — byBr 


Gametes of Fi 


BYBrX - ByBr 

BYBrX — ByBrX — byBr — bYBr 


Fj Gray' 9 3 Black 9 1 

Gray S 3 Black S 1 

The reciprocal cross, gray male by black female gave the 
following results: 


B 9 by G = 


/Gray 9 
\Gray S 


[ Gray 

9 

1465 

Gray 

d’ 

1453 

1 Black 

9 

344 

[ Black 

d^ 

299 


The expectation is here also three grays to one black. The 
total for the grays is 2918, and for the blacks 643, which is about 
4| to 1. In the grays, the males and females are nearly equal, 
while in the blacks, the females exceed the males by a fair mar- 
gin. Since these numbers also are derived from mixed counts 
(as before) I give below a count involving only the two colors 
in question: 


B 9 by G C? = 


[ Gray 9 
fGray ^ _ I Gray S 
[Gray S ” | Black 9 
[ Black cf 


836 

875 

209 

148 
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There are 1711 grays and 857 blacks whicli is very nejjrly 
5 to L 

Wild (gray) by yellow 


The results of this cross have been already published (1911), 
but may be given here for the sake of completeness. In both 
cases the parents were alike except for body color; 


G 9 by Y (S' 


(Gray 9 ()54 
(Gray c" 705 


f Grjty 9 
{ Gray .cT 
[ Yellow S 


525 

340 

m 


The sum of the males is here nearly equal to the females as 
called for in the expectation (see below). It will be noted, 
however, that the gray males in Fo greatly exceed the yellow 
males, and that the gray males are con8ideral)ly more than 
half (268) the gray females. 

It may seem' that the discrepancy in the yellow males is not 
due to their viability alone, but ratlier that the gray-bearing 
male-producing spermatozoa are more likely to fertilize the 
eggs than are the yellow bearing s])ei’m. The analysis is as 
follows : 


Gray 9 BYBrX - BYBiX 
Yellow cf bYIirX — hYBr 

Gray 9 1 1 Y B rX — b YB rX 
Gray BYlb'X — bYBr 


Gray 9 2 
Gray S' 1 
Yellow iS 1 


The reciprocal cross is as follows: 


■Y 9 by G d" = 


fo 9 397 
I G S' 282 ' 


j Gray 9 
; Gray S 
] Yellow 9 
i Yellow S 


.346 

259 

,226 

,230 


The excess of females in Fi is noticeable. The expectation 
in Fa is equal numbers for all classes. The grays run ahead of 
the yellows. There is a very noticeable deficiency in the gray 
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males compared with the gray females. The analysis is as 
follows: 

Yellow $ bYBrX — bYBr 9 
Gray cf BYBrX — bYBr cf 

Gray 9 bYBrX -- BYBrX 9 
Fi Gray cf hYlirX — bYBr 

p Yellow 9 1 

' Yellow 1 

Gray 9 1 
Gray & 1 

Black hy yellow 

Black females mated to 3 'ellow males give gray females and 
males. The data for F 2 are: 


(jrav 

9 

5147 

Giiiy 

& 

2451 

Black 

9 

1591 

Black 

cT 

750 

Yellow 

y 

1957 

Brown 

o' 

530 


The expectation is for the females, gray 6 , black 2; and for 
-the males, gray 3, black 1 , yellow 3, brown 1 . There are nearly 
374 more gray females than 3 times the black females. There 
are also 500 more gray males than yellow males. Both excessive 
classes correspond to the Fi classes. There are more black females 
than two times the black males. The analysis is as follows: 


Bhick 9 ByBi'X - ByBrX 9 
Yellow o’’ bYBrX — bYBr 6^ 


Ft 


Gametes of Fi 


Gray 9 ByBrX- bYBrX 9 
Gray cv tSvBrX — bYBr o' 

BYJiiX — ByBrX — bVBrX — bvBrX 9 
BYBrX — ByBrX - bYBr — byBr cT 

Gray 9 6 Gray a"' 3 

Black 9 2 Black d’ 1 

Yellow cf 3 

Brown o’ 1 
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The reciprocal cross yellow females by black males gives 
gray females and yellow males. The numerical data follow; 


Y 9 by B cT = 


/G $ 
lYd’ 


[ Gray 

9 

2442 

1 Gray 

o" 

1S')3 

Black 

9 

1 S03 

1 Black 

d* 

72;i 

1 Yellow 

9 

1517 

1 Yellow 


1548 

j Brown 

9 

441 

[ Brown 

O' 

428 


The expectation for the females and males alike is gray 3, 
yellow 3, black 1, brown 1. There are about 900 more gray 
females than yellow females; while the gray males are only 350 
more numerous than the yellow males. The gray females and 
yellow males are the Fi classes. The yellow females are as 
numerous as the yellow males. The black males are about 
a third of the gray males and more than this ratio in regard 
to the yellow males. The blacks rim well ahead of the ])rowns, 
the females being more than four times as numerous. The analysis 
is as follows: 


Yellow 9 i)YBrX — hvHrX 
Black ByBrX — l)yHr 

Gray 9 hvBrX ByBrX 
Yellowed bYBrX-bvBr 


(Lametes of Fi 


bvBrX — bYBrX — ByBrX — BVBrX 9 
bvBrX — bYBrX - byBr - hYBr 


Brown 9 1 Brown cT 1 

Y'ellow 9 3 Yellow 3 

Black 9 1 Black cT 1 

Gray 9 3 Gray cf 3 
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Wild (gray) by brown 

When the normal (Gray) females were mated with brown 
.males all the offspring were gray. The numericaT results for 
Fi and F 2 were as follows: 

f Gray $ 2618 

I Gray d" 1342 

! Black 9 765 

1 Black c" 351 

[ Yellow cT 985 

1^ Brown cf* 300 

The expectation is six gray females to two black females, and 
for the males 3 gray, 3 yellow, one black, one brown. The normal 
females are. almost exactly twice the number of normal -males. 
The normal males exceed three times the black males by nearly 
300; and the black males exceed the brown males 50 flies. The 
yellow males are somewhat more than three times as numerous 
as the brown males, but less than three times as numerous as the 
black males. The yellow males, which should be as numerous 
as the normal males are about 350 fewer. The sum total of 
all the females is 3383 and of the males 2988. The males are 
about 400 flies fewer than the females. 

Despite these differences the numbers accord fairly well with 
the expectation, at least the classes stand in the same general 
relation that the analysis calls for. The analysis follows: 

Gray 9 YBBrX - YBBrX 
Brown c?' ybBrX — ybBr 

Gray 9 YBBrX — ybBrX 
Gray YBBiX - ybBrX 


yBBrX - YBBrX - ybBrX - YbBrX 9 
vBBrX - YBBrX - ybBr - YbBr cf 

Black 9 2 Black 1 

Gray 9 6 Gray cf 3 

Yellow cf 3 
Brown cf 1 

The reciprocal cross, brown females by gray males gave gray 
females and yellow males. The numerical data for the Fi and 


Gametes of Fi 




G 9 by Br cf = 


G 9 266 _ 
G cf 236 ' 
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F 2 generation are as follows. The counts of the F, flies are taken 
from another similar cross. 


Br 9 by G c? = 


G 9 124 
Y 0 " 111 


f Gray 

9 

400 

i Gray 

o'" 

171 

Black 

9 

74 

1 Black 

o" 

55 

Yellow 

9 

m 

Yellow 

0^ 

101) 

Brown 

9 

37 

Brown 

0^ 

51 


Owing to the failure of many of the brown females to breed 
the numerical results are small. The expectation for the females 
is gray 3^ black 1, yellow 3, brown 1, and for the males, gray 3, 
black 1; yellow 3, brown 1. It will be observed that the gray 
females greatly exceed the yellow females while the yellow males 
exceed slightly the gray males. The F] females are gray and 
the males yellow.^ The analysis follows: 


I'l 


Gametes of Fi 


IG 


Brown 9 yhBrX yhBrX 

Gray YlU^rX - Yblir 

Gray 9 ybUrX — YBBrX 

Yellow ybBrX - YbBr 

YbBrX — ybBrX ~ YBBrX ~ yBBrX 9 
YbBrX — ybBrX— YbBr — ybBr o” 


Gray 9 3 Gray cT 3 

Black 9 1 Black cf 1 

Yellow 9 3 Yellow cf 3 

Brown 9 1 Brown d' 1 


Black hy brown 

When black females are mated to brown males all tSe off- 
spring are black. The numerical data for Fi and Fs are as fol- 
lows: 


B 9 by Br cT 


fB 9 299 
\B 274 


Black 

9 

6124 

Black 

cf 

3015 

Brown 

d' 

2472 


* In another experiment the gray males equalled the gray females. 
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The expectation is that the black females shall be as numer- 
ous as the sum of the two classes of males; there are about 600 
too few males owing largely to a deficit in the brown class which 
runs about 450 behind the black males. The analysis follows: 


Black 9 yBBrX — vBBrX 
Brown cf* ybBrX — ybBr 


Fi and gametes of Fi 


Black vBBrX — ybBrX 
Black 9 vBBrX — ybBr 


Black 9 2 
Black cT 1 
Brown 1 


The reciprocal cross, bro^vu females and black males gives 
black females and brown males. The numerical data are as 
follows : 


Hr 9 by B d' 


fB 9 

\Br o’ 


Black 9. 
Black o’ 
Brown 9 
Brown cT 


2101 

.\m 

.1532 
. I44S 


The expectation is equality throughout; but the Browns run, 
class for class, about 600 behind the Blacks. The analysis 
gives: 

Brown 9 ybBrX — ybBrX 9 
Black (f vBBrX — ybBr 


Black 9 ybBrX — vBBrX 9 
B r 0 II y b B rX — \ b l^r d' 


Brown 9 1 
Brow’n o'' 1 
Black 9 1 
Black d 1 


Yellow by brown 

Yellow females by brown males give yellow females and 
males. The numerical data are: 
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Y 9 by Br cT = 


fY 9 115 _ 
\Yo" 99 


Yellow 9 '2-29^ 

Yellow 0 ^ 223-J 

Brown 9 330 

Brown o’' 753 


The expectation is three yellows to one brown, and the num- 
bers approximate to this relation. When the difficulties of 
separating these two classes is taken into account the agice- 
inent is remarkably close. The analysis follows: 

Yellow 9 YbBrX — Yl>BrX 
Brown c"’ ybilrX — ybBr 


Yellow 9 YbBrX - - yl)BrX 9 

bi Yellow 0 ^ YbBrX — vbBrX ybBr -YbBr 

YYllow 9 3 
Yellow o’’ 3 

1“ Brown 9 1 

Brown 1 

Tlie reciprocal cross, brown females \)y yellow \uales, gives 
yellow females and males. The numerical data are: 

f Yellow 9 IISI 

j Yellow ci' 1199 

1 Brown 9 571 

!_ Brown c? 520 

The expectation is again three yellows to one brown; and this 
is fairly well realiiied. There are more yellow inalos than yellow 
females, and slightly more brown females than brown males. 
The analysis is as follows: 

Brown 9 ybBrX — ybBrX 
Y ellow o” 5 bBrX - Y'l^Br 


Br 9 by Y 0 ^ = ^ 


|Y 9 120 . 


Y 102 


Y'ellow 9 ybBrX — Y^bBrX 

Y'ellow 6" ybBrX - VbBiX — YbBr - ybBr 

YYOIow 9 3 
Y'ellow cT 3 
Brown 9 1 
Brown d' 1 
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DISCUSSION 

The color of the body of the wild fly appears from the 
experimental data to be due to at least three factors viz.,^ yeh 
low, black, brown. It has been shown in a former paper that 
the red eye of the wild fly is also due to the presence of three 
factors viz., vermilion, pink, orange. In^ both series one at 
least of the three factors is sex-linked; the factor for black in 
the one and for pink in the other. In crossing both series give 
almost parallel results. In the eye-color series the factor for 
orange is always present, either simplex or duplex. In my 
former paper I could not determine whether it is sex-linked 
or not, because it had never dropped out, but sincedhen I have 
obtained a new mutation in which orange has dropped out, 
and, by suitable experiments, it has been shown that this factor 
also is sex-linked. It appears then that in the eye color series 
there are two sex-linke^ factors, P and 0, and one not sex-linked, 
V. In the present- series brown occupies a similar position in 
the symbolism used to that of the orange factor in the eye color 
series, but on the basis of this similarity it would not be justi- 
fiable to conclude that the brown factor is sex-linked. 

In this connection I may record that during the summer of 
1910 there appeared for a time, in one of my cultures, flies 
that had almost no color in the body although the eyes were 
red. A few pigment granules brownish in color were scattered 
over the abdomen. The flies resembled in some respects flies 
that had just emerged from the pupa case. The flies were 
extremely weak and died after a few days without progeny. 
Whether they represent the loss of the brown factor, or of the 
color producer can not be stated. Since they appeared in cul- 
tures of gray flies the latter interpretation seems more probable. 

Whether the comparison drawn ^bove between the eye color 
series and the body color series has any' real significance can, 
of course, be only a matter of conjecture. It should be pointed 
out that any eye color may be combined with any body color, 
and I have been unable to detect any correlated effect of these 
two combinations upon each other, except such effect as is due 
to color coTitrast. 
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One can not work with these body colors without beiujr im- 
pressed by the similarities between the brown and the black 
(lies on the one hand, and the yellow and tlie gray on the other. 
Brown and black lack the yellow factor, and if this, as I supiiose, 
acts to some extent as an inhibitor the resemblance is manifest; 
while conversely the presence of the yellow factor in the yellow 
and in the normal fly makes clear their resemblance. One 
is tempted to surmise that black and brown may l)olh l.)e stages 
of the same chemical reaction, which surmise woultl be more 
probable if it could be shown that both factors arc contained 
in the X chromosome, but this relation in itself could not be 
used as an argument to urge their dependent cliemical nature. 



PLATE 1 


EXPLAXATIOX OF FIGURES 

1 Xormal or gray feijialc (Eic outer marginal vein is slightly exaggerated in 
the figure). 

'2 A black female, 

3 A brown female. 

.4 \ j'ollow female. The contrast between the black, yellow, and brown flies 
is well brought out in the figures. 
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I. INTRODUCTION 

Maupas ('88, '89), from his investigations gii the plienomenon 
of conjugation in Stylonychia pnstniata, believed that conjuga- 
tion, in order to be fertile, must take place when the organisms 
were at a certain stage of maturity which, in this species, occurred 
between the 130thandl70th generations. Conjugation could occur 
between gametes after this so-called period of sexual maturity, but 
in such cases the union was infertile, and the ex-conjugants would 
invariably die soon after separation. Provided conjugation did 
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not occur before the 170th generation senile degeneration set in, 
resulting in an abnormal diminution in size of the organisms and 
other pathological conditions and culminating in a complete dis- 
appearance of the micronuclei. This senile degeneration reached 
its climax at the 316th generation at which point all the non-con- 
jugants would die. Tliis author also held that conjugation in 
order to be fertile must occur between gametes of diverse ances- 
try, and that the phenomenon would not take place except when 
the animals were in a medium in which there was a scarcity of 
food. 

Maupas believed that these requirements were necessary for 
fertile syzygies not only in S. pustulata but also, with soipe differ- 
ences in time of sexual maturity, for all Infusoria and that senile 
degeneration would always occur provided conjugation did not 
take place during the so-called period of maturity. He upheld 
then the view that rejuvenation by means of conjugation was nec- 
essary for the continued existence of the organisms. In case it 
did not occur the life cycle would e<id after a fairly definite number 
of generations. 

Joukowsky (’98) found, as had been previously announced by 
Biitschli (76), that in Paramaccium putrinum fertile syzygies 
could occur between individuals only a very few generations re- 
moved from conjugation. In a number of instances only seven or 
eight generations elapsed before fertile unions occurred between 
descendants of a single isolated ex-conjugant. This investigator 
also kept Pleurotricha through 458 generations in eight months 
without the occurrence of either conjugation or degeneration. 

Calkins (’02a) in his study of the life history of Parainaecium 
caudatum found that fertile syzygies occurred at the 350th; 410th, 
467th and 500th generations, thus showing that, in this form at 
least, the so called period of sexual maturity really hajj no signifi- 
cance. He also showed that conjugation between closely related 
gametes was as generally fertile as in the cases where the gametes 
were of diverse ancestry. Scarcity of food was shown to be not a 
sufficient factor to induce conjugation and finally, while some evi- 
dences of degeneration were noted in the animals of the cultures 
at times, such as low division rate, dimished size, and occurrence 
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of monsters, the micronuclei were always present. The iin-esti- 
gations on this form, however, gave evidence that the life cycle 
was essentially a limited one but that various chemical stimuli 
could be substituted for conjugation to 'rejuvenate’ the animals 
and in this w^ay the life history could be prolonged to a great de- 
gree. Eventually, however, the organi.sms reached a stage where 
it was found impossible to stimulate them further aiul the cultures 
died out. 

Work by Woodruff (’05) on a number of the hypotrichous in- 
fusoria, Popoff (’07) on the Stylonychia imdilus, and Gregory 
('09)on Tillina magiia all gave additional support to the view that 
the life pyclc of these forms is a limited one. Both Woodruff and 
Gregory were able to prolong the life of the cultures somewhat by 
artificial stimulation. 

Enriques (’05) from his investigations on a number of spe- 
cies of the Infusoria, including S. pustulata, came to the conclu- 
sion that the degeneration which he observed in some cases was not 
a so-called senile degeneration due to ' protoplasmic ’ old age but 
a degeneration caused by the toxic influences of certain bacterial 
poisons in the culture media. 

Recent investigations by Woodruff (’08, ’12) with Paramaecium 
aurelia which he has kept on a ' varied environment ’medium^ have 
shown that this organism can be bred indefinitely without conju- 
gation or artificial stimulation, thus furnishing conclusive evi- 
dence of the unlimited power of reproduction of an infusorian 
without the need of ‘rejuvcnesence’ when suitable culture condi- 
tions are supplied. 

Jennings (TO), also working with Paramaecium, found no evi- 
dence to support Maupas’ view of the infertility of conjugation 
occurring between closely related gametes. 

‘ Woodruff ('08) thus described tlic ‘varied environment’ medium: “It was 
found that Paramaecium can exist in nearly any infusion which may be made from 
materials collected in ponds and swamps, and accordingly, in the hope of supplying 
as far as possible all the elements which may be encountered in the usual habitat of 
the organism, water was taken from ponds, laboratory aquaria, etc., together with 
its animal and plant life. In other words, no definite method was employed in se- 
lecting the material, but it was simply collected at random from many sources, 
thoroughly boiled, and then used.” 
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To summarize briefly, then it has been shown by a number of 
investigators working on several species of Infusoria that Maupas 
was incorrect in asserting (1) that the Infusoria have a definite 
life cycle in which can be distinguished a period of sexual maturity 
during which time conjugation will be fertile and if conjugation 
does not take place, a resulting period of ^senile degeneration’ 
finally terminating with the death of the organism after Sk certain 
number of generations, (2) that conjugation, in order to be fertile, 
must be between gametes of diverse ancestry. Finally, the work 
of Woodruff with Paramaecium aurelia has shown that it is 
possible to breed this organism indefinitely without conjugation 
or artificial stimulation. 

Inasmuch as Stylonychia pustulata has been shown to be a spe- 
^cies well adapted to the treatment demanded in laboratory cul- 
tures and also because some of Maupas’ conclusions which have 
been shown not to hold for other of the Infusoria have not been 
re-investigated in the species which he used, it was decided to 
make use of this species in these experiments. In the present 
paper is presented a study of the following points: 

1. The life history of Stylonychia pustulata w^hen bred on a 
'constant’ culture medium of beef extract and a culture medium 
of hay infu.sion. 

2. The morphological and physiological changes during the 
life of the organism when bred on these culture media. 

3. The relation of conjugation to the environment of the or- 
ganisms. 

4. The effect of conjugation bet\veen closely related individu- 
als which have had an identical environmental history. 

The writer is glad of the opportunit}^ to ex|)ress his great indebt- 
edness to Professor Lorande L. Woodruff not only for suggesting 
the problem but also for his advice and helpful criticism during the 
entire cour.se of the work. 
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II. .MlCniODS 

In order to study the life history of a lunnber of the Protozoa, 
Maupas isolated an individual in a favorable culture medium and 
in the course of a few days, when a large n umber of animals had 
arisen by fission, he counted the indi\dduals, (computed and re- 
corded the number of divisions that had taken place, and isolated 
one of the animals in another disli with fresh culture medium to 
continue the culture. In some cases o\*er 900 indi\aduals were al- 
lowed to accumulate before the isolation took place, Biitschli 
later pointed out that there were two sources of ei'ror ju'esent in 
such a method, namely, the difficulty of securing an accui'ate count 
of so many organisms on a preparation at one time and the assum])- 
tioii that the rate of division had been the same for all the animals 
in the cultures, which might or might not be true deiicnding en- 
tirely upon the physiological condition of the different individu- 
als of the culture. 

Calkins (’02) in his work with Para!nae(*ium c and at urn modified 
Maupas method in order to overcome these difficulties. Instead 
of using a large receptacle and allowing the animals to accumulate 
in large numbers before isolation, he kept the n on glass slides 
having a central depression holding about iWa drops of the culture 
medium, and from these slides he isolated an individual every one 
or two days so that only a few were prescMit at the time of isolation. 
This method of isolation, besides giving the exact numlxT of gener- 
ations through which the culture has jiassed, also prevents con- 
jugation occurring in the slides of the main lines whichare isolated 
daily, ddiis method very little modified has since l)een used by a 
number of investigators, and notably l)y Woodruff in his work 
with Paramaecium aurelia. The cultures discussed in this papcT 
have all been conducted by this same method and as it b.as now 
become well-knovm oidy a lirief description of the ])ro(‘ess will be 
given. 

The animals to be studied were isolated on glass slides having a 
central depression large enough to hold five drops of watei*. The 
slides to prevent evaporation were kept in moist chambers made 
from large Stendcr dishes with ground glass cavers, atid each hav- 
ing a capacity of eight slides. In starting a culture, an animal was 
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isolated on a depression slide in some of the culture medium and 
placed in the moist chamber. When it had produced four individ- 
uals by, division, these were isolated and thus the four main lines 
of a culture were started. These four lines were examined daily, 
the number of divisions observed and recorded and one animal 
isolated from each to continue the main lines. The slides from 
which the isolation took place were saved as stock in order to re- 
plenish the main lines in case any of the individuals isolated were 
lost through accident. In this work three days stock was kept 
which, with the main lines, made in all sixteen slides under obser- 
vation in a culture. For isolation, capillary pipets were made use 
of, a sepi^ate one being reserved for each culture. In all the iso- 
lation work the greatest care was taken to prevent contamination 
of the cultures. All pipets and slides that were used were care- 
fully sterilized immediately before using. A dissecting micro- 
scope with a 10 multiple lens was used in all the isolation work. 
Permanent preparations of the individuals from the cultures were 
made from time to time. The method used was that of Calkins 
(^02a) and Woodruff 

Two culture media were employed; a ^constant’ medium which 
consisted of a 0.025 per cent, solution of Liebig’s extract of meat, 
and a hay infusion medium. There are at least two essential con- 
ditions for a ^constant’ culture medium. It must contain the 
elements necessary for the maintenance of protoplasm and it must 
be a medium in which bacteria will develop readily, in order to pro- 
vide food for the animals. A solution of beef extract fulfils these 
requirements and previous work by other investigators having 
shown that strong solutions of beef extinct will artificially stimu- 

® This tiielhod is givoii by Woodruff as follows: "The specimen to be preserved 
is isolated by itieaiis of a fme-pointed pipet on a clean depression slide (which is 
kept just for this purpose) with us little of the culture medium as possible. To 
this is added three or four drops of hichlorid of mercury in saturated solution with 
5 per cent, of glacial acetic acid. After about five minutes the specimen is trans- 
ferred to another slide and a few drops of 75 per cent alcohol is added. A slide is 
now smeared with a trace of e^g albumin and the specimen is taken from the 75 
percent alcohol and gently spurted on to the albumin. After a shorttime, when the 
alcohol has coagulated the albumin, tlie slide with the specimen adhcrhig to it is 
transferred to a jar of 75 per cent, alcohol and thereafter treated by the ordinary 
slide method.” 
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late various species of Infusoria during periods of depression, it 
appeared probable that if a solution of the jiroper strength was 
used that a beef extract solution would provide a ‘ constant ’ med- 
ium in which the organisms would thrive. In order to determine 
the proper strength of solution to be used a series of preliminary 
experiments was undertaken. As a result it was found tliat a 
solution of 0.025 per cent gave the best results. Accordingly* a 
large quantity of the solution was made at the beginning -of the 
work, and placed in test tubes (25-50cc. in each), and these were 
then plugged with cotton and sterilized. The solutions in the test 
tubes remained sterile until placed on the slides.^ Tlie hay infusion 
was made by placing about one gram of hay in 85cc. of tap water 
and then raising the temperature of the mixture to the boiling jioint. 
The infusion thus made was used for three or four days afterwards. 
Xo attempt was made to use the same kind of hay at all times or Id 
have the infusion of exactly the same strength. 

The graphs in this paper showing the rate of division were com- 
puted from the sum of all the divisions in the four lines of a 
culture for the period stated, e.g., a total of 80 divisions in ten days 
for the four lines of a culture is 20 divisions in ten days for one line, 
or exactly two divisions per day. In such a graph we get the av- 
erage rate of four lines again averaged for ten or thirty-day jier- 
iods as the case may be. By such a method individual peculiari- 
ties and tendencies are largely eliminated and the curve of the 
graph show^s the average division rate of the aniirals in the four 
lines of a culture. 

in. MATERIAL 

A specimen of Styl onychia pustulata was found in a laboratory 
hay infusion, September 21st, 1910. It \vas isolated (m a regular 
depression slide and a few drops of hay infusion added. Within 
the next twenty-four hours two divisions occurred producing four 
individuals. Each of these was isolated on a separate slide and 
•the four lines of the culture were thus started. After the culture 

’ For further information in regard to the use of beef extract as a culture med- 
ium and the effect of its use in a culture of Paramaedum aiirelia, the reader is re- 
ferred to tlie paper by iV'nodruff and BaitscU (Tl). 
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had been running ten days, the medium was changed to a 0.025 
per cent solution of Liebig’s extract of meat and the culture was 
designated Sb. From this time (October 2 , 1910) culture Sb was 
kept on the ^constant’ medium of beef extract. As far as one 



Oct, Nov Dec. Jan. Feb. 

1910 1911 


Diagmm 1 Graph giving tlu' life hi.story of Guilnro Sb. showing the average 
daily nde of divLsion of the four lini'.s of the culture again averaged for teix day per- 
iods. Eeof extract culture medium. Point marked X inclicate.s the point at 
whicli conjugation appeared in the stock of the culture, 


could judge by appearances of every kind, the medium was a favor- 
ble one for this animal. ,The division rate of the culture when av- 
eraged for ten day periods was never as low as two divisions per 
day during the first four mouths and at times the division rate ex- 
ceeded three divisions per day when averaged for the same period 
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of time (diagram 1). At the loOth generation a sub-enlturo, des- 
ignated Sbh, was started from this original culture (diagram 4), 
and this sub-culture was kept in a hay infusion medium. Both 
of these cultures thrived until at the 3")t)th generation conjugation 
occurred in the stock of the Sb culture (beef medium). Following 
the occurrence of conjugation in this culture the rate of division 
of the main lines rapidly decreased and the cultui'o diinl out about 
three weeks later at the 403rd generation (diagrani 1 ). Conjuga- 
tion did not occur in the Sbh culture ( hay medium) and, following 
the death of the Sb culture, another sub-culture was stai’ted by 
i^^olation from the Sbh culture (diagram 4) and this culture, desig- 
nated Sbhb, was placed on the beef medium. Tliis last mimed 
culture was continued on the beef medium for about three and one- 
half months when conjugation occurred in the stock. .Vs in the 
first beef culture (Sb) the main lines of the Sbhb cult hit, coinci- 
dent with the appearance of conjugation, began to decrease in 
vitality, as indicated by the fission rate, and a.l)ou( three weeks 
later all the animals of the culture had died ((liagram 3). The 
Sbh culture on the hay infusion continued without conjugation 
but finally died out at the 572nd generation (diagram 2). 

IV. MORPHOLOGY AND PHYSIOLOGY OP TIIL \0\ -(a)\.)rGA\TS 

A. Living material 

In the February epidemic, conjugation made its ap])earance in 
the stock of the Sb culture at a time when the animals were dhdd- 
ing at ^he most rapid rate to which they had attained during the 
entire period of these experiments (diagram 1, point marked x). 
On account of this fact a slide of three of four days standing would 
a»s a rule have a number of animals varying from 100 to 200, and 
during the epidemic, conjugating animals could always be found 
on such slides. The phenomenon of conjugation did not occur iu 
the main lines of the culture inasmuch as only a few animals were 
present on a slide of a day's standing. The point that should 
be emphasized is that the phenomenon was of very general 
occurrence on any slide on wliicli wei’e a sufficient number of 
animals. 
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After the epidemic had been present for a few days it became 
evident that the culture was not thriving as it had been pre\'ious- 
ly. This was shown chiefly in two ways: (1) The fall in the divis- 
ion rate. At the time of the appearance of conjugation in the 
stock culture, the animals in the main, lines were dividing at an 
average rate of over three divisions per day. For the ten days 
following the appearance of the phenomenon the average rate fell 



Diagram 3 Graph giving the life history of Culture Sbhb, showing the itverage 
daily rate of division of the four lines of culture agsiin averaged for ten day i)er- 
iods. Beef extract culture medium. Point marked X indieate.s tlie j)()int at which 
conjugation app)eared in the stock culture. 

to approximately two divisions per day. In the next ten days the 
rate fell to an average of one division per day and this was followed 
by the death of the culture on the third day following (diagram 1). 
This fall in the division rate could be noted not only in the slides 
constituting the main lines of the culture but also in the stock 
slides. Soon after the appearance of conjugation the slides of 
stock in many instances instead of having a large number of in- 
dividuals present would have only a very few. In some cases all 
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the aniiruil.s on a .stock slide would die in the course of two or three 
days. In the other stock slides, on which a sufficient number of 
animals were present, numerous pairs of conjugants would be seen, 
( 2 ) The appearance of the animals in the culture. Conjugation 
had not been present in the culture many days before it could 
plainly be seen that in many of the non-conjugants a degenerative 
process was taking place. Such animals were more sluggish, not 
normal in shape and they were considerably darker in appearance. 
In the days just preceding the death of the culture this condition 
became more and more intensitied and it became increasingly diffi- 
cult to find normal, active animals in the culture. Many of the 
animals isolated in the main lines, instead of dividing, would 
degenerate and die. An apparently normal individual isolated 
in the morning would, in many instances, by the afternoon of the 
same day have passed through degenerative stages resulting in a 
decrease in size, change of shape, decrease in activity, etc. Exam- 
ined again later in the evening of the same day it was very 
evident that these changes were more intensified and they gen- 
erally resulted in the death of the animal that same night. This 
degeneratio]! was observed in a very large number of non-conju- 
gants especially in the days shortly before the death of the culture. 

As soon as it was noted that the division rate of the culture was 
ra]ndly falling, vai-ioiis other media were used in an endeavor to 
stimulate some of the animals. The Sb culture was continued on 
the beef. extract medium as formerly but from it sub-cultures were 
started by isolation and placed on a number of other media such 
as hay infusions of ^'arying strengths, the ‘varied environment’ 
medium, and solutions of beef extract of different strengths. The 
effect of different temperatures was also tried. From all tliese ex- 
])eriments the results obtained were entii’ely negative, none of the 
sub-cultures thriving as well as the original culture kept on the 
regular beef medium and all dying out within a few days. Tn a 
number of instances the change of medium caused an almost in- 
stantaneous death. The protoplasm of the non-conjugants ap- 
peared to be in a condilion in which it was impossible for it to 
withstand any changes. The fact that the Protozoa, when in a 
weakened condition, are unable to endure a change of medium has 
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been noted previously by other investigators. Other experiments 
would have been tried in an endeavor to restore the non-conjuga- 
ing animals to a normal condition had it not been for the fact that 
the number of animals -in the culture became so reduced that none 
were available for additional experimental work. 

The June epidemic of conjugation occurred in the stock of the 
second culture kept on the beef medium (Sbhb) from June 14, to 
July 5, 1911 (diagram 3 point markcdx). This epidemic differed 
from the previous one in that the number of animals on any one 
slide was very much less than in the previous case, due to the less 
rapid division rate of this culture. In comparison with the Sb^ 
culture this one never attained a high rate of division and, at the 
time when conjugation appeared in the stock, the main lines were 
averaging a little less than one division per day. However, dur- 
ing the month previous to the appearance of conjugation there had 
been a gradual increase in the division rate from about one-half 
division to nearly one division per day. Because the animals di- 
vided so slowly a stock slide of a few days standing would rarely 
contain more than fifty animals and, in general, the number was 
considerably less than that. Nevertheless an epidemic of conju- 
gation occurred and numerous pairs were observed on some slides 
which had as few as twenty-five animals present. As has been 
noted in the former epidemic, all the animals of the culture ap- 
peared to be in the same physiological condition and some slides 
were seen on which practically every animal was united in conju- 
gation. Also there began in this culture, coincident with the ap- 
pearance of conjugation in the stock, a marked and rapid decline 
in the fission rate of the main lines of the cultures and this decline 
ended in the death of the culture twenty days later. The appear- 
ance of the animals, the degenerative processes through which 
they passed and the entirely negative results obtained from en- 
deavors to stimulate them by artificial means, all gave proof that, 
as in the first epidemic, some fundamental change had taken place 
in the animals of the culture. This change was of such a character 
as to produce conjugation whenever a sufficient number of animals 
were present on a slide. If the phenomenon was prevented the 
non-conjugants degenerated and died. 
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Di.Kruin 5 Graph giving the entire life history of (he ti.reo eultur.^s of S. pus- 
talat:i. vix.. Sb.Shh, and Sbhh. It shows the nv('rnge daily rate of division again 
averaged for thirhj-d^iy [iininds. 


B. Prepared material 

A study of the permanent stained preijaratitnis of the noii-t^on- 
jugants of the Sb and the Sbhb cultures gives conclusive evidence 
of the degeneration that occurred in these animals. There is a 
decrease in the size of the animals and a great change m the cyto- 
plasmic and nuclear structure. In all the animals the micro- 
nuclei are present but in many instances they are found to be 
considerably enlarged and situated far from their normal posi- 
tions. In most cases the macronuclei have undergone a marked 
change and have lost their characteristic shape. Figure 1 shows a 
normal individual t.aken from the Sbhb culture. This specimen 
is quite typical of the animals to be found in the beef cultures 
before degeneration had set in. In figures 2 to 6 are to e seen 
non-conjugating 'individuals which were preserved at various 
stages of degeneration. 
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Abnormal animals had never occurred in any of the cultures kepi 
on the beef mediuvn previous to conjugation and in the culture kepi 
on the hay infusion mediumAnwhich no conjugation occurred during 
its entire history, entire freedom from abnormal and degenerate ani- 
mals was noted. In figures 7 and 8 are shown two typical specimens 
from the hay culture. Figure 7 represents a characteristic speci- 
men preserved at the time of the first epidemic of conjugation in 
the Sb culture, and figure 8 shows an animal preserved shortly be- 
fore the death of the hay culture. In this last figure one of the 
micronuclei is seen in the stage of division. The other micro- 
nucleus is present and in the*same stage, but is out of focus.- 

From the study of the living material it has been shown that the 
non-conjugating animals of the Sb and Sbhb cultures kept on the 
beef extract medimn, coincident with the appearance of conjuga- 
tion, began to degenerate and die. The prepared material gives 
proof that the degeneration resulted in marked morphological 
changes in both the nuclear and cytoplasmic structure, 

V. MORPKOLO(;V AXD PHYSTOLOCIY OP THE COXJUGANTS 
A. Living material 

III order to trace the effect of conjugation on the ex-conjugants, 
it was deemed necessary to isolate a large number of the conjuga- 
ting animals. Accordingly, during the first epidemic, 132 pairs of 
conjugal! ts wore isolated, and in the second epidemic 20 more pairs 
were added, making in all 152 pairs which were isolated. More 
conjugants would ha\T been isolated in the second epidemic but 
owing to the scarcity of the material it was impossible. Each pair 
of conjugants was drawn up with a fine pipet and then transferred 
to a sterile depression slide and about five drops of the beef extract 
medium added. Inasmuch as this was exactly the same kind of 
medium in which the animals had been kept previously and in which 
the conjugation had occurred, the character of their erivironvnent 
was not changed by the isolation. Consequently the possibility of 
any reaction of the conjugants due to the change of environment 
was entirely eliminated. Mention should also be made of the fact 
that, at the time of isolation, each pairof conjugantswasexamined 
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with a high magnification in order to determine if the conjugating 
animals were of normal appearance. The few pairs that did not 
appear normal were rejected and are not included in the totals giv- 
en above. Of the 152 pairs of conjugaiits isolated, between 25 and 
30 pairs were used in making permanent preparations so that ap- 
proximately 125 pairs remained for observation. The work of 
isolation in both the epidemics of conjugation was carriiai on 
throughout the time that the phenomenon was occurring and the 
conjugating pairs were also isolated when the animals had been 
united for varying periods of time. 

Careful study of the living conjugants entirely failed to reveal 
any evidence pointing to a pathological condition of thegametesat 
the time of conjugation. In neither shape nor size could any devi- 
ation from the normal be observed. It could be noted in some cases 
that the animals on a slide in whicli eonjugation was occurring 
evinced remarkable activity. Calkins (;02a) found with Paramae- 
cium caudatum that at such periods the protojilasm of the animals 
became ^miscible’ and that as many as eight or ten individuals 
would be found fused together in an irregular mass at times. Al- 
though it was very evident that conjugation would occur during 
these epidemics whenever opportunity was affordml, abnormal 
fusions of several animals wore never obscuA'ed. 

Alaupas (’89) gives the length of time during which tlie gametes 
of S. pustulata are together in conjugation as \ arying from twenty- 
two to thirty-nine hours according to the tenip{'ratnr('; the* shorter 
periods occurring with the higher temperatures. In this wajrk 
the period was found to vary from twenty-four to thirty-six hours, 
thus corresponding very closely witli the tinu' givcai by iMaupas. 
A very few cases were noted in wliich the animals liad not separ- 
ated at the end of thirty-six hours but it was clearly evident in 
such cases that the process was not normal and the resulting ('x- 
conjugants never gave any promise of continuc'd life. Tlie records 
show that from over 90 per cent of the conjugating animals ex- 
conjugants were obtained which were at the time of separation, as 
far as could be judged from a careful and exhaustive study of the 
living material, normal in every respect and which gave every 
promise of continued life and multiplication. In brief, then, and 
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this fact should be emphasized, the phenomenon of conjugation 
which occurred in the two epidemics, judged by the study of the 
living material, gave every indicatioiirof being an entirely normal 
process. 

In both the epidemics of conjugation, the syzygies were entirely 
between closely related gametes. An endeavor was made, by mix- 
ing animals from the stock slides of the conjugating cultures with 
animals from the hay culture, to secure conjugation between gam- 
etes which were not closely related and which had been under dif- 
ferent environments. In both the epidemics this experiment was 
tried a number of times but without success. The animals from 
the hay culture were very evidently not in a state which would per- 
mit of conjugation occurring. 

B. Prepared material 

No attempt was made in this work to secure sufficient perma- 
nent stained preparations of the conjugating animals to permit 
working out the cytological details of conjugation in this species. 
The main object of the work was to study the physiological effects 
of the phenomenon and permanent preparations were made prim- 
arily to determine if a true process of conjugation had actually 
taken place. Maupas mentions that he found this form to be a 
very unfavorable one for the study of the cytolog}^ of conjugation 
and no doubt any investigator will agree with this statement. 
The nuclear changes which this form undergoes during the process 
of conjugation cannot be worked out with surety without securing 
an epidemic of conjugation in a mass culture and then making 
use of the imbedding and sectioning method as used by Calkins 
and Cull (’07) so successfully with Paramaecium. 

However, all the prepared material which could be secured un- 
der the conditions of a pedigreed culture shows conclusively that a 
true process of conjugation actually took place. A study of the 
material reveals the fact that the micronuclei are prese7it in every 
case and furthemiore it appears that they are acting normally. 
The appearance of the conjugating animals with the nuclear struc- 
ture is clearly shoAvn in figures 9 to 12. In figure 9 is shown a 
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conjugating pair shortly after the union has occurred. In figure 
10 the micronuclei have reached their maxiiniun enlargement and 
are shown in the spindle stage of tlie first division. In the animal 
to the right, the micronifclei are in the same stage but are out of 
focus. In figure 11, in the animal to the right what is inierpi-eted 
as the copulation nucleus can be seen in the spindle stage jirior to 
' the first division. The same stage is present in the other animal 
but it is out of focus. Figure 12 is in a stage, just pre\nous to the 
separation of the gametes. 

The evidence presented both by the study of the living conju- 
gants and the prepared material gives every indication tliat tlie 
conjugation which occurred in the beef cultures was a normal proc- 
ess and resulted in two ex-conjugants which, at the time of sepa- 
ration, gave every promise of continued existence. 

* VI. MORPHOLOGY AND PHYSIOLOGY OF TIIK K\ (OXJUGANTS 

A, Living material 

Resulting from the 125 pairs of conjugants isolated during the 
two epidemics, approximately 230 ex-conjugants were obtained 
which appeared to be normal at the time of separation. Shortly 
after separation they wore quite as active as the regular uon-con- 
jugants of the cultures. They were a trifle smaller in size than the 
average individual but extensive study of the living material failed 
to show any other .distinguishing chaiacteristic. 

When examined a few hours later, the ex-conjugants invariably 
showed that certain changes had taken jilace which may be sum- 
marized as follows: (a) A noticeable decrease in size had occurred, 
(b) The animals were considerably less active than fornuTly. (c) 
The characteristic avoiding reactionhad almost entirely disappear- 
ed and their swimming movements consisted chiefly in turning on 
their short axis, (d) A change in the shape of the ex-conjugants 
had taken place and instead of having a normal c^loiigated form, 
tliey were very nearly circular, (e) The animals had become quite 
dark in color. 

If examined again, some eight or ten hours later, a considerable 
accentuation of those degeneration changes could bo noted; again 
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a very noticeable decrease in size; a cessation of practically all loco- 
motion had occurred and the animals were still more opaque. If ex* 
amined with the low power, the ex-conjugants would appear more 
as motionless black specks than as living organisms. Within the 
next fifteen to eighteen hours the individuals would invariably die. 
The entire course of the degeneration occupied from thirty to thir- 
ty-six hours after the separation had occurred. Ex-conjugants 
which at the time of the separation in the morning appeared as act- 
ive, normal individuals would, when examined in the afternoon of 
the same day, be found to be undergoing the degeneration as out- 
lined above. By the following morning a large percentage of 
these would liave disappeared and the remaindei would be in a still 
further stage of degeneration. During the course of the day these 
would all die. In all the large number of ex-conjugants under ob- 
servation, over 2S0 individuals in all, not a single one lived forty- 
eight hours after separation and not a single one divided. 

The death of one of the ex-conjugants was observed under the 
microscope. This individual at the time of separation was appar- 
ently normal in every w^ay. At the time of the observation, some 
thirty-three hours later, it was in the last stages of degeneration 
and under the high magnification appeared as a small, motionless 
dark obj ect . The only evidence of life was a slight beating of a few 
cilia. The animal was in the regular beef medium and the obser- 
vations were not such as to injure it in any way. After having 
been under observation for about one-half hour the animal suddenly 
appeared to explode and what had the second before been living 
protoplasm was now simply an amorphous mass. 

In an endeavor to get some of the ex-conjugants to live a num- 
ber of experiments were tried. Some were isolated, after separ- 
ation, in various other media such as strong beef extract solution, 
hay infusions and tlie Aaried environment’ medium. In all of 
these experiments only one of the ex-conjugants resulting from 
the separation of any one pair of conjugants was experimented 
with, the other ex-conjugant not being disturbed but simply left in 
the medium in which the separation had taken place. N one of the 
met hods used had any effect whatsoever in prolonging the lives of the 
ex-conjugants, all of them passing through similar degenerative 
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Stages and no differences being noted between the ex-conjugauts 
which were experimented with and their mates wliicli remained 
in the same medium in which the separation had taken pla<’e. 
A great many of the slides were examined for cysts but none wia-e 
found. That nothing injurious to tlie ex-eonjugants was present 
upon the slides or in the medium in which they had died was 
shown several times by placing on the same slides and in tln^ same 
medium in which the ex-conjugants had died, indi\ iduals from the 
stock of the culture. In every case they lived and divided. 

From the fact, as noted above, that the ex-coiijugants pass 
through certain degenerative stages and die within forty-eiglvt 
hours after separation, conclusive evideiua^ is furnished of the in- 
fertility of the conjugation which occurred in these cultures of S. 
pustulata which w'ere kept on a beef medium. 

B. Prepared nuilerlal 

Passing next to a study of the permanent stained preparations 
of the ex-conjugants, typical examples of wliicii are sliown in fig- 
ures 13-15 it can be said that the microuuclei are present in all 
cases. Figure 13 shows a condition sliortly after separation. 
Figure 14 represents an early stage in the degoiierativ(' iirocesses, 
and figure 15 shows very clearly the appearance of an (^x-conju- 
gant during the last stage of this process. 

It is evident, then, that the study of the prepared inatcTial of 
both the conjugants and the ex-conjugants shows that ]\Iaupas 
was incorrect in his statement that infertility of conjugation, in 
this fonn, is due to a loss of the micronuclci: and the results ob- 
tained in this investigation agree witli those obtained by other 
investigators working on closely related species. 

Split conjugaiion 

Calkins (02a) in his work with jiaramaecia, was able to separate 
the conjugants before the regular time and before there had Ix'en 
any interchange of nuclear material. This was done by drawing 
up the conjugating animals in a fine pipet and then ejecting them 
somewhat forcibly. From the ‘ex-conjugants’ thus obtained be 
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had a number of instances in which they lived and divided normal- 
ly, thus showing conclusively that, even though the paramaecia 
were in the physiological state in which conjugation could occur, 
if they were separated before the supposedly essential factor of the 
process took place, i. e., the exchange of nuclear material, they 
could still live. Following the same method, split conjugation 
was brought about in these experiments. The operation was 
performed with animals that had beer* united only a few minutes, 
and which were fused for only a short distance at the anterior end. 
After the forcible separation, the resulting ‘ex-conjugants’ wcrc' 
examined carefully and were found to be normal in appearance. 
Three pairs* of conjugants were separated and the resulting six 
individuals were isolated. This was done about noon. By even- 
ing of the same day it could be seen that they had changed very 
greatly and appeared to be in a stage closely resembling that de- 
scribed above as the first stage in the degeneration of the ex-con- 
jugairts. Three out of the six animals died that night and the re- 
maining three during the next day. In these cases it appeared 
that the mere contact of the gametes without any interchange of 
nuclear material was sufficient to bring on a rapid degeneration and 
death. 

VII. DISCUSSIOX .VXD COXCLPSTOXS 

Although the conjugation which occurred in both of the cultures 
kept on a beef medium in every instance resulted fatally, a careful 
study of both the living and prepared material has failed to show 
any reason why such should have been the case, but on the con- 
trary such a study gives every evidence that the process which took 
place was normally effected. 

. The fact that conjugation is many times infertile and results in 
the death of the ex-conjugants when the gametes have been kept in 
laboratory cultures has been noted by a number of investigators. 
Calkins (02a), for example, shows that of 80 ex-conjugants of Par- 
amaecium caiidatum from his laboratory cultures only five indi- 
viduals, or 6 per cent were living at the end of thirty days; 37.o 
per cent died without dividing and 60 per cent were dead within 
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ten days after separation. Entirely different results were ob- 
tained from three pairs of ‘wild conjugants' of the same species. 
Qf the six ex-conjugants obtained only one died and the remaining 
five thrived until the observations were discontinued. Pull (’07) 
ilso obtained similar results working with t !\e same s]>e(‘ies. Erma 
40 pairs of conjugailts taken from laboratory (mltures only 12 ex- 
eoiijugants or 15 per cent were alive at the end of tlie month; while 
from 93 pairs of ‘ wild conjugants' 70 per <*eut of the c‘\-eonjugants 
were alive at the end of the same period, lloth I hi t sc- hi i (70) and 
Calkins (72), working with Bleplnirisnui, liave notcal the infer- 
tility of conjugation. Biitsehli did not succeed in getting any of 
the ex-conjugauts to live longer than three days, ami ( alkins not 
longer than sixteen days, 74 per cent dying within five days after 
separation. 

Tt has been suggested that the greater fertility of ‘wild’ con- 
jugants than of those from a lab()rat(ay cull are may be due 
either to a lack of vitality of the animals in tlu‘ cultures, or to thn 
fact that in conjugation, if it is to be fei'tile, tlnua' must ikhmIs he a 
new^ physico-chemical relation established Iwtlie fusion of the nu- 
clei to furnish the factors necessary for the reorganization of tlu‘ ani- 
mals, and that the establishment of this relation is not possible In 
animals which have been subjected to iderdi(‘;il conditions. 

The first view cannot be held as an expianatiou of tlie fertility 
of conjugation in these experiments for in the J'elu-uary epidemic, 
conjugation made its appearance when the animals were dividing 
at the highest rate they had ever attaineiL Iiu'cstigators are 
agreed that the rate of fission is an indication of the gcJieral \ itak 
ity of the animals. Judged in this way, as well as by their general 
appearance and actions, they were in a perfect physiological cf)u- 
dition at the time of the appearance of the first epidemic 'of conju- 
gation. In the June epidemic inasmuch as the division rate had 
i)een considerably lower, it is probable that tlie general vitality of 
the animals was not as high as had been the case previously, but, 
at the time when either of tlie epidemics appeared, it certainly 
could not be said that the individuals of li).e cultures gave evidence 
of a low degree of vitality. The evidence presented from both 
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the cultures is such as to show that an apparently perfect physio- 
logical condition of the gametes at the time of conjugation is no 
guarantee that the syzygy will be a fertile one. 

The other view, that the infertility of conjugation in animals 
which have been under identically the same conditions of envir- 
onment is due to to an inability to establish certain new relations, 
is a suggestive one and harmonizes with the idea first stated by 
Treviranus and later contended for by Weismann (’91), that the 
real puipose of conjugation is to bring about variations in the 
progeny. The work of J ennings (T 1) with paramaecia in which he 
shows that the progeny of the conjugants are more variable than 
those of non-conjugants appears to furnish experimental proof of 
this idea. 

Whatever be the true significance of conjugation and the cause of 
the many infertile syzA'gies that have been noted not only in these ex- 
periments but also by other investigators working on other species, 
the results here obtained show that the death oftheex-conjugants 
was not due, as far as could be told by the study of both living and 
prepared material, to low vitality previous to conjugation or to ab- 
normal conditions at the time of conjugation, and the evidence 
derived from the present study points to the conclusion that one of 
the chief factors in producing infertile syzygies is an identity of the 
em ironmental history of the gametes. 

In the experiments recorded in this paper it has been shown that 
descendants from the same original animal act differently with re- 
gard to conjugation when kept in different media, even though 
the other features of their environment be the same. In the stock 
of the Sb culture kept on the beef medium conjugation occurred 
at the 350th generation after having been kept on this medium for 
about foifi* months. In a sub-culture, isolated from this one at the 
150th generation and kept on a hay infusion medium, no conjuga- 
tion ever occurred and this culture at the time it died out had been 
under ob.servation altogether eleven months and had passed 
through a total of 572 generations. Again in a sub-culture isola- 
ted from the hay sub-culture and placed on the beef medium, con- 
jugation occurred in the stock some three and one -half months 
later, after the culture had passed through 120 generations on the 
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beef. In both of the epidemics which occurred in the cultures kept 
on the beef medium it was ^jery evident that the plieuomeuon was 
one which affected not merely a few individuals, but that it was an 
epidemic in tlie true sense of the word, and that conjugation would 
occur in the cultures during the epidemic whenever oj^portimit,y 
was afforded. In fact the only wa}' by which it was possible to 
prevent conjugation was by the daily isolation of a single individ- 
ual such as was done in the main lines of the cultures. lua.smuch 
as conjugation never occurred at any time in the hay culture, even 
though in both the length of time it was kept and tlie number of 
generations through which it passed it exceeded either of the cul- 
tures kept on the beef medium, there is conclusi\ e evideiu'c that 
neither the age of the organisms nor the number of the generations 
through which they passed were potent in inducing conjugation in 
these cultures. The determining fenture um Ike medium used and 
the results here recorded give definite evidence that the ‘same proto- 
plasm’ under the influence of different cuUure media mag show fund- 
amental differences in iU life history. 

The fact that the Sbh culture kept on the hay medium did not 
continue to live indefihitely does not show that the death of the 
culture was due to the ending of any definite life cycle. Maupas 
believed that 31f> generations were the maximum j lumber that S. 
pustulata could attain. If, as in this experiment, this number can 
be raised to 572 generations, there seems to be good reason for l)c- 
lieving that, under other conditions of food and environment, the 
number can be raised still higher and it is probable that, under 
some conditions, they can be bred indefinitely. The work of 
Woodruff (lib) with Paramaecium caudatum appeal's to substan- 
tiate this view. He found that this organism died out in the cul- 
ture in which fresh medium was supplied daily but that sister cells 
kept under other conditions continued to t hrive, thus showing that 
the death of the culture in the one case was not due to the ending 
of any definite life-cyolc, but to the fact that the environment 
supplied was not exactly adapted to the continued existonce of 
this form. Other w^ork by the waiter, wiiich is now^ in progress 
and will be reported in a later paper, show's the same result . 
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In the cultures kept on the beef medium, the results of the ex- 
periments show that a condition different from that in the hay cul- 
ture was present. The cultures died out quite abruptly following 
the epidemics of conjugation. A study of both the living and the 
prepared material previous to the occurrence of conjugation en- 
tirely failed to reveal any pathological conditions present in the 
animals and indicated that the beef medium furnished a favorable 
environment for this race of S. pustulata. However, since in both 
the beef cultures a*ll of the animals reached a physiological state in 
which conjugation was a necessity, as shown by the death and 
degeneration of the non-conjugants, it cannot be said that the 
beef medium was one which was suitable for the indefinite exist- 
ence of this species without conjugation and therefore, in this 
sense, the medium was an unfavorable one for this species, since, 
as shown by Woodruff in his work with Paramaeciurn aurelia, 
conjugation is not a necessity for the continued and indefinite 
existence of protozoan protoplasm when a medium which is 
entirely suitable is supplied. 

In brief, then, it is believed that the death of the cultures whether 
kept on a hay or a beef medium was not dufe to the ending of any 
definite !ife cycle but rather to the failure of either of these media 
to furnish an environment which was exactly suitable for the 
unlimited reproduction of this race of Styl onychia pustulata. 

VIII. si;.\niARY 

1. The objects of these experiments were (1) to observe'the effect 
of the different culture media upon the life history of Stylonychia 
pustulata, and (2) in case conjugation occurred to study its 
effect upon the progeny under the influence of the different media. 

2. Two media were used in this work, viz., a ‘constant^ medium 
consisting of a 0.025 per cent solution of Liebig’s extract of meat 
and a hay infusion medium. 

3. Three cultures of S. pustulata have been under observation, all 
of which were started from descendants of an original individual 
isolated from a laboratory culture September 21, 1910. Cul- 
ture Sb was started October 2, 1010, and was carried on a beef ex- 
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tract medium until February 24, 1911, \\\m\ it died dut at tlie 
403rd generation, following an epidemic of conjugation. Culture 
Sbh was started# November 23, 1910, from culture Sb when it was 
at the 150th generation and was carried on a hay infusion medium 
until August 15, 1911, when it died out at the o72ud generation, 
(’ulture Sbhb was started from culture Shii i\Iarcli 3. 191 1 , at the 
300th generation and was carried on the beef medium until July 
5, 1911, when it died out at the oOTth generation, following an 
epidemic of conjugation. Graphs showing the life liistory of each 
culture have been plotted by averaging the divisions in the four 
lines of each culture for ten day periods. 

4. In the culture kept on the hay medium conjugation never oc- 
curred and abnormal or degenerating animals did not appear, but 
after a gradual decline in the fission rate the culture finally died 
out. It is not believed that this result was due to the ending of any 
definite life-cycle but rather to the failure of the hay medium to 
furnish an environment which was exactly suitable for the contin- 
ued existence of this species. This view is sul)s(autiated by work 
to be reported in a subsequent paper. 

5. In both of the cultures kept on the beef medium an cjudemic 
of infertile conjugation occurred, and within three weeks aftei’ its 
appearance all the non-conjugaiits in both of the cultures died. 

fi. Careful study^ of the liviiig and prepared material shows a 
normal morphological condition of the animals at the time of con- 
jugation, but shortly after its appearance degenerative changes 
were evide :t. 

7. All ex-con jugants passed through degenerative stages which 
ended in their death within forty-eight hours after separation with- 
out division. 

S. A ‘study of the prepared material shows tliat the micromudei 
are present in iion-conjugants, conjugants and ex-conjugants at all 
stages, 

9. There is no evidence to show that the infertility of conjuga- 
tion was due to any abnormal conditions previous to, or during, 
conjugation, 

10. The experiments show conclusively, it is believed, that con- 
jugation is induced by external conditions affecting the organism, 
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and that it bears no relation, in this form at least, to a particular 
period of a ‘life-cycle/ 

11. It is suggested that the infertility of the syzygies in these 
cultures is the result of the fact that the gametes had an identical 
environmental history. 
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PLATE 1 


EXPLANATION OF PIGirBBS 

These photographs were taken from permanent p reparations stained with pic - 
rocarmin. The same magnification was used in all cases and, therefore, the rela- 
tive sizes represent absolute differences in the size of the different individuals. 

1 A typical, normal individual from the beef cultures. This specimen was tak- 
en from the Sbhb culture at the 480th generation just prior to the June epidemic 
of conjugation. 

2 to 6 These figures show non-conjugating animals in different stages of degen- 
eration. They ^ere preserved at different times during the February epidemic in 
the 8b culture. The cytoplasmic structure shows great irregularities. The micro- 
nuclei are to be seen in all the individuals but they are considerably enlarged and 
shifted from their normal condition. The macronuclei have lost their character- 
istic shapes. Figure 6 shows a very advanced stage of degeneration. 

7 to 8 Two individuals from the 8bh culture kept on the hay infusion medium. 
Figure 7 was preserved at the time of the February epidemic in the Sb culture and 
was at the J21st generation. Figure 8 is an individual jlteserved shortly before 
the death of the Sbh culture at the 510th generation. No degeneration can be 
noted. One of the micronuclei can be seen in mitosis. The other micronucleus 
is in the same stage but is out of focus. 

9 A pair of conjugants preserved during the June epidemic. This represents 
an early stage in conjugation before great change has taken place in the nuclear 
structure. 

10 This pair of conjugants was preserved during the February epidemic and shows 
a somewhat later stage than figure 9. In the animal to the left can be seen the two 
micronuclei in the spindle stage of mitosis just previous to the first maturation 
division. The same stage is present in the other animal but is out of focus. 

11 A pair oSf conjugaiit.s preserved during the February epidemic. In the 
animal to the right can be seen what is interpreted as a copulation nucleus. The 
same st.age is out of focus in the other animal. 

12 A pair of conjugants preserved during the February epidemic. This is a 
stage just previous to the separation of the gametes. 

13 (olo Three tyj)ic‘ul specimens of cx-eonjuganta preserved during the Febru- 
ary epidemic. Figure 13 is a stage shortly after separation. Figure 14 shows a 
stage in which degeneration has begun and in figure 15 an individual well advancctl 
in degeneration i.s shown. 
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data for the study of SEX-LINKED INHERIT- 
■ ANCE IN DROSOPHILA 

T. H. MORGAN AND EI.RTH CATTELL 
Frotri ike Zoologknl Ijahorafonj, {'nkcrsiiij 

111 recent years a new fact in Mendelian inheritance has come 
0 light, which while it obscures the iVIendelian expectation based 
m independent segregation of the factors of inheritance, shows 
hat the main Mendelian principles are by no means invalidated; 
or, they too are manifest, but obscured by the linkage or coup- 
ing of certain factors. When certain somatic characters are 
issociated with sex, as in Drosophila, we have the best oppor- 
uuity, as yet afforded, for studying in its simplest form this 
;ort of hassociative’ inheritance; for, in certain combinations, the 
■elation between linkage and breaking of the linkage (^crossing- 
iver' as we shall call it) is shown at once by the male flies which 
ndicate without complication the kinds of eggs that the F i female 
iroduces. In certain combinations both males and females give 
hi.s result. Such cases are those in which the sperm of the Fi 
generation contains only sex-linked recessive or ^ absent^ char- 
icters. 

In the following account we shall describe certain experiments 
n which three linked characters (in addition to sex) are involved; 
lamely, red eyes, versus no red or white eyes; the black factor 
or body color (giving black or gray flies), versus its absence 
which gives yellow or brown flies) ; and the factor for long wings 
rei’sus the absence of that factor (which gives miniature wings). 
These characters show various strengths of linkage, i.e., the 
um ber of times any two of them hold together differs for each 
'oinbination. This relation will be discussed after the data have 
)een given. 

Since these sex-linked factors follow the distribution of the sex- 
•hromosomes we may think of them as contained in these chromo- 
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soines (X) when present ^ or absent from the chromosomes when 
the absence of the factor is involved. In the male-producing 
sperm, where no X is present, the sex-linked characters are always 
absent. A corollary to this point of view involves the crucial 
point of the chromosome theory of linkage (Morgan^ 11), In 
the female two X-chromosomes are always present. If one of 
them contains two of the factors in question, such as the factor 
for red^ (R) and that for long wings (L), and the other X-chromo- 
some contains no factor for red (absence of red or W) and short 
wings (or S) it is possible for interchange (or ^breaking, ^ or ^cross- 
ing-over’) between RL and WS to take place. How often this 
may occur depends on the strength of the linkage of the factors 
involved (which one of us has tried to interpret as due to their 
position in the chromosomes). But in the male, on the other 
hand, no such interchange is theoretically possible, and the results 
show that none occurs. It is this simple and consistent relation 
that gives ^point’ to the chromosomal interpretation. 

In order to have a basis for interpreting the more compli- 
cated cases we Avill first give the results of an experiment where 
only two contrasted characters, black and yellow, are involved. 
In this experiment no question of linkage is involved, since the 
factor for black and that for yellow are not in the same chromo- 
some. The experiment also gives information shovdng the via- 
bility of the gray, black, yellow and brown flies. 

When black females were mated to yellow males all the off- 
spring were gray (N). These inbred gave the following results; 

i.RB ? by LRY 

J.RX 9 - oO 
*' LRX d" - 60 

LRN 9 =316 
T.RN y = 153 
,, LRR 9 = 104 

LRB 0^=48 
LRY 0^ = 104 
LRBr = 40 


In retilily (lie i)rcst;ncc of C gives red and it.s absence c white 



SEX-LINKED INHERITANCE IN DROSOPHILA 


8t 


The analysis is as follows: 

yBBrX - yBHrX Black 9 
YbBrX ~ VbBr Yellow 


, ^'>gg8 
Spemi 

YBBrXYBBrX Gray 9 YBBrXYbBr Gray p’ 

YBBrXyBBrX Gray 9 YBBrX vbBr Gray 

yBBrXYBBrX Gray 9 yBBrXYbBr Gray (f 

yBBrXyBBrX Black 9 yBBrXybBr Black d' 

^ YbBrXYBBrX Gray 9 YbBrXYbBr Yellow d 

YbBrXyBBrX Gray 9 YbBrXybBr Yellow d 

ybBrXYBBrX Gr^ay 9 ybBrXYbBr Yellow 

ybBrXyBBrX Black 9 ybBrXybBr Brown d 

Gray 9 6 Grav d 3 

Summary of F, Black 9 2 Yellow c? 3 

Black d 1 
lirown d 1 

The numbers fairly approximate to expectation. The recip- 
rocal cross is as follows: 


yBBrXYbBrX 

yBBrXYhBr 


Gametes Fj 


♦ 

YBBrX 

YBBrX 


G ray 
Grav 


yBBrX 

yBBrX 


YbBrX - ybBrX 
VbBr - ybBi 


LRB 

by LRY 

LRN 

9 

= 

S9 

LRY 

cf 


59 

LRN 

9 


212 

LRN 

& 

= 

197 

LRB 

$ 

= 

79 

LRB 

d’ 

= 

* 1)9 

LRY 

9 


181 

LRY 



188 

LRBr 

9 

= 

44 

LRBr 



71 


The analysis follows: 

YbBrX - YblirX Yellow 9 
yBDrX - vbBr Black 

YbBrXyBBrX Gray 9 
YbBrXybBr Yellow 


the JOUBNAL of experimental zoology, VOL. 13, NO, 1 
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ybBrX - YbBrX - yBBrX - YBBrX Eggs 
Gametes _ Y\y\irX ~ ybBrX - Y\^Br Sperm 


Summary of F 2 


Gray 9 3 

Black 9 1 

Yellow 9 3 

Brown 9 1 


(Bay 3 

Black (S' 1 

Yellow (S' 3 
Brown <S 1 


The results agree again fairly well with the expectation. The 
numbers of gray males and females are quite close. This corre- 
spondence between the sexes holds throughout, although the 
females exceed the males in the grays and blacks, while the males 
are in excess in the yellows and browns. 

In the next case also the same two characters are involved, 
viz., yellow and black, but combined with short (miniature) 
wings and white eyes. The analysis is. the same as in the last 
case, and need not be repeated : 

SWB 9 by SWY cf 


SWN 9 = 78 
SWN cf - 62 


SWN 9 = 355 
SWN (S' = 173 
SWB 9 = 111 
SWB = 44 
SWY d' - 149 
SWBr = 42 

The reciprocal cross was also made: 

SWY 9 by SWB d 

SWY cf = 88 
SWN 9-69 


SWN 9 = 68 
SWN c? = 71 
SWB 9 = 10 

SWB ^ = 11 
SWY 9-38 
SWY = 64 
SWBr 9 = 12 
SWBr cf = II 
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CROSSES INVOLVING TWO SEX-LINKED CHARAI/TERS 

In the following crosses black and yellow body-color, white and 
red eyes are involved. In these cases there are only two sex- 
linked factors, viz., the factor for black and the factor for red 
(and their respective absences). In reality, it is the color-pi‘o- 
ducer, C, Shad not red color, R, that is the factor invoKanl in the 
eye-color inheritance; but with this explanation no uiisunder- 
standing will arise if we use the symbol R foi- red eye and W for 
its absence. 

In the first case long winged, white eyed, black females were 
crossed with long winged, red eyed, yellow males. If all the 
female classes were realized in Fs there would be many more 
classes than actually appear, but owing to the linkage between 
W and B from the grandmother, and R and b from the grand- 
father there will be only eight large classes. The smaller classes 
represent the breaking of the linkage or 'crossing-over:' 

LRA^ o" by LWR 9 

LRN 9 = 244 
LWN cT = 25:S 


LRN 9 = 1549 
LRB 9 = 490 
LWN 9 = 1120 
LWN - 128:3 
LWB 9 = 368 
LWB o'" = 4.51 
LRY d" = 1042 
LRBr cT = 217 

LRN cf - 3 

LWY cJ' = 1 

LRB = 1 

The analysis is as follows. The factor for Brown (Br) is here 

omitted: 
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WByX - WByX' White black 9 
RbYX “ WbY Red yellow cT 


WByXRbYX Red gray 9 
WByXWbY White gray & 


Gametes of Fi 


WBYX - WByX - RbYX - RbyX 
WBYX - WByX ~ WbY - Wby 


Eggs 

Sperm 


Gray white 9 3 Gray white cf 3 

Gray red 9 3 Yellow red d 3 

Black white 9 1 Black white cT 1 

Black red 9 1 Brown red , 1 


* 

There were five cases of crossing-over of color factors in the 
males, in a total of 2993 males; approximately, once in 600 
times. The crossing-over was between Eb and WB. Each time 
that the crossing-over occurs one way, there should be on an 
average a counter-cross the other way. Thus, when an inter- 
change between Rb and WR takes place the combination RB will 
occur as often as Wb. We should expect, therefore, to find a 
balance in the results, except in so far as accident or death 
obscure the output. In the present case the cross-over RB sur- 
vived four times (giving 3, LRN and 1, LRB), while the coun- 
ter-cross Wb survived only once. Three of the counter-crosses 
are not represented. The result can probably be explained by 
the lower viability that exists for the Yellow- whites. 

The reciprocal cross is given below. There were also eight 
large classes but no cases of crossing-over. The numbers are 
much fewer than in the last case. 


LRY 9 by LWB cf 


LRN 9 = 255 
LRY" cT = 262 


LRN 9 = 111 
LRB 9 = 27 
LWN c7 = 92 
LWB cf - 15 
LRY 9 = 71 
LRY d' = 127 
LRBr 9 = 10 
LRBr cT = 26 
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The analysis is as follows: 

libYX — RbYX Red yellow 9 
WByX - Wby White blaolc 

Rb\ XW fiyX Red gray 9 
RbYXWby Red yellow o' 


Gametes of Fi 


RbyX 

RbyX 


RbYX - WByX - WliYX 
RbYX - WbY - 'W'hy 


Brown red 9 1 Brown real I 

Yellow* red 9 3 Yellow led c' 3 

^ Blank red 9 1 Gray wldte 3 

Gray red 9 3 Black white o" 1 

The result conforms fairly with expectation; the Yellow red 
running behind. 

Tn the next crosses a third combination was present. Six large 
classes are expected. 


LRB 9 by JAW o" 


I.UX 9 = ~u 
LUX' O' ~ 48 


l.RX 9 - 29S 
LRN = 15S 
IjRB 9 = 75 

LRB o" = 54 
LWY b’ = 88 
LWBr = 37 


LWN c? - 5 

The analysis follows: 

RByX - RByX . Rod bhu'k 9 
WYbX - WYb White yellow 


Fi 

Gametes of Fi 


RByXWYbX Red gray 9 
RByXWYb Red gra}' o' 

RBYX - RByX - WVbX ~ WybX 
RBYX - RByX - WYb - Wyb 


Gray red 9 6 Gray red d' 3 

Black red 9 2 Black red d 1 

Yellow white d 3 

Brown vvliite d 1 



80 


T. H. MORGAN AND ELETH CATTELL 


There were five cases of crossing-over (males) in a total of 337 
Thales. The cross-overs are all of one kind and result from the 
combination of W and B. The return crosses would be Red- 
yellows and these did not appear. The Red-yellows are, in fact, 
less viable than the White-blacks. 

In the reciprocal cross eight large classes are expected. Only 
two classes of crossing-over were found. This again indicates a 
close union between R and B : 


Fi 


F, 


LRB by LWY 9 

LKX 9 = 198 
LWY = 143 

LRN 9 = 341 
LRN - 285 
LRli 9 = 153 
LllB (f = 84 
LWY 9 = 253 
LWY' o" = 229 
LWBr 9 = 61 
LWBr d- = 01 


lAYN d' = 6 

LWB y = 3 


The analysis 

follows : 



Wb5LX - WbYX 

White yellow 9 


UByX - Wby 

Red black 


^VbYXKByX 

Red jrray 9 

1 

WbYX Wby ^ 

White yellow cf 

Gametes of Fi 

Y'byX - WbYX 

- RByX - RBYLX 

Wb\X - WbYX ■ 

_ Wby - WbY 


Brown white 9 1 

Brown wddte o’’ 1 


Yello\Y white 9 3 

Y'ello^Y white cT 3 

r2 

BInck rod 9 1 

Black red d’ 1 


(iray red 9 3 

Gray red cT 3 


There were nine cases of crossing-over, all males, in 659 males 
and 818 females. In this cross since all the F; sperm, both 
female and male-producing, carry only recessive sex-linked factors, 
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both sexes count in the ratio. Tins gives 9 to 1477 oi* 1 to 164. 
These cases are all in one direction. The missing counter-crossed 
should be Red-yellows. 

The remaining cross involves the same combinations as one of 
the preceding, ibut the R and B factors are present in tlie graj’ 
fly. Therefore no crossing-over would be visible. Six large 
classes are expected: 

LWB by LUX 9 


LUX (intormodiato) 9 and o' = 108.5 


LUX 9 = 2714 

LUX o’ = 1541 

L^^’X cf = 

LUB 9 = 70;j 

LRI^ - m 

LWB c7 = :i()5 

The analysis follows; 

UBVX - UBVX ILmI ^ray 9 

WByX - Why Whitr Idacb o' 

HBYXWByX IWd gray 9 

RBYXWby Red gray o 

, , ,, RBvX - RBYX - WILX - Win X 

(aimeto.s of !<, - RBYX - Why - Wl.V 

(4 ray red 9=0 Clray nal 5 
j. Black red 9=2* Black la'd :/■ 1 

Gray white c7 3 
Black white 1 

In the last case no evidence of crossing-over in the eye factor.^ 
is expected; for, the normal and black flies are alike in that they 
carry the sex-linked factor for black. The yellow factor, it is 
true, is absent from Black and present in Xormal, but it shows 
no linkage with White or with Red, which is in accord with the 
hypothesis here followed. 
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^ In the reciprocal cross eight large classes are expected, which 
Ibcur. No crossing-over was expected or rather could have 
been observed even if it occurred: 

lAVB 9 by LUX cf 


LWN (intemicdiate) 9 16 
LRN (intermediate) (S' 15 


LRX 9 = 1G47 
LRN & - i;i27 
LRB 9 = 449 
LRB S = 381 
LWN 9 = 1171 
LWN o’ = 1280 
LWB 9 = 379 
LWB <S = 375 


THE HEREDITY OF THREE ('ONTRASTED SEX-LINKED CHARACTERS 

In the following crosses three contrasted sex-linked factors are 
involved, one for wings, one for eye color, and one for body color. 

The factors involved are the same as those of the ‘preceding 
crosses. Long wings (L) or normal wings contrast with minia- 
ture wings (S), recessive to the former. Two factors, both sex- 
linked, give, when both present, long wings, while miniature 
wings are due to the absence of one of them; the absence of the 
other producing the wing called rudimentary, but for simplicity 
the letters L and S may be used, if one remembers that L is in 
t|^e X chromosome, and ther^orc present only in the female- 
producing sperm; while S merely means the absence of L, and 
alone stands for miniature wings. 

The factor for red eyes (II) is also sex-linked (in the sense that 
the factor C is present); the absence of red is white eyes (W), 
which means that the factor C is absent; small c would express 
this condition more logically, but less graphically. 

The black factor B is also sex-linked, and present, therefore, 
only ih the female-producing spenn. Its absence is represented 
by small b. The factor for yellow (Y) is not sex-linked, and, 
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therefore, does not follow X in its distribution. Its iibsenoo k 
indicated by small y. In all there were five crosses with tlief 
reciprocals, or a total of ten combinations. 

/ S)U^ 9 by LU'T o' 

\ SRB by JAW 9 
/ LWB 9 by SRY 
\ LWJi 0 ^ by SJiY 9 
/ SWB 9 by LItY o" 

\ SWB by LJIY 9 
/ LRB 9 by SW'Y 
) LRB rA by SWY 9 
I SRB 9 by LWX 
\ SRB o' by LA\'X 9 

Three combinations, viz: the second, third and fourth gave 
.some anomalous results and have been withdrawn in order that 
they may be repeated. 

In representing the gametes of ¥\ we have followed the plan of- 
writing in the upper line of ‘Eggs/ in the two middle terms, the 
two combinations that come direct from the paternal and maternal 
gametes, and at their sides, right and left, the eggs that conu^ 
from the free distribution of Y and y. In the second line of eggs, 
written in similar sequence, are the crossing-over of long and sliort. 
The crossing of RB and Wb (or similar combinations) is nof given, 
but can be readily conceived. It is the latter that giv(‘s the 
small classes of crossing-over for color (eye and body color) which 
follow the numerical data of the larger classes. The sperms are 
given m the third line of gametes and since by the hypoth('sis henj 
followed no crossing-over in the gametes of the males is allowable* 
only one line (of four classes) is represented. T?i the sperm tlio 
yellow factor freely interchanges, since it shows no linkage with 
the sex-factor X. The results fully justify this assumption, fn- 
stead of writing out all the combinations of egg and* sperm, a 
summary only of the expected results is given at the md of the 
analyses. 



90 


T. H. MORGAN AND ELETH CATTELL 


SHORT, RED, BLACK BY LONG, WHITE, YELLOW 

When the female, SRB is mated to the male LWY all the 
female offspring are long, red, gray; and the males are short, red, 
gray. The results for the next F2 generation are given below: 

ft 

SRH 9 by LWY 


„ LRX 9 98 

SUN 80 

LRN 9 == o23 
LRN o' = 14H 
LRB 9 = no 
LRR d* = 31 
SRN 9 = 292 
SRX - 242 
SRB 9 = 5:1 

F2 SRB d = 82 

LWY d = 210 
LWBr d - 40 
SWY d = 80 
SWBr d = 30 

LWX d = 2 
LRY d = 1 
SRY d = 3 
SWB d = 1 

The expectation is; 

SRByBrX — SRByRrX Sliort red bla('k 9 
LWYbBrX — SWYbBr Lung white yellow d 

SRByBiXLWbYBrX Lung, lod, Gray 9 
SRByBrXSWbYiir Short, red, Gray d 

jSRBYBrX - SRByBrX - LWbYBrX - LWbyBrX U 

Gnmetes J LRBYBiX - LRBvBrX - SWbYBrX - SWbyBrX j 

of Fi ■ 

i SRByBrX - SRBYBrX - SWbyBr - SWbYBr Sperm 
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L or SRN 9 6 S or LWY 3 

L or SKB 9 2 S or LWBr 1 

B or SRN 3 

L or SIJB o"' 1 

There were seven cases of crossiiiji:-ovor in cMilor, all males, in 
a total of 872 males, or 1 to 97. Of these seven, three n^presoiit. 
one crossing-over (LWN and SWB), and four the counter-cross. 
In this instance the balance is held despite the lesser viabilit y of 
the Red-yellows. 

The crossing-over of long, L, (normal) and short. S. (miniatuiv) 
is shown in the large classes. The linkage is so loose/ that these 
two characters appear almost as though no linkage existed, but 
an examination shows that where S is combiiu'd witli Rlh and L 
with Wb the classes of SRB are relativa^ly larg{n’ than thos(‘ of 
LRB; while conversely the LWY classes are larger than the cor- 
responding SWY, A comparison of the I’ccords with tin* expecta- 
tion makes this evident at once. It is most ap|jan*nt in the mahs, 
where no complications exist. Thus LWY - 219, Avhik* SW\' 
d' - S5; LWB d' = 40, while SWB d = 30, and on the o1h(‘r 
hand SRN d = 242, while LRX y = 140; and the SRB r - 
82, while LRB d ^ 31. The sum of the ^straight’ males is 5S0, 
while that of the cross-overs is 292. Tin* gametic ratio is then*- 
forc 2:1. 


SHORT, WHITE, IH.ACK BY LONG, RED, YEJ.LOW 

When the female is SWB and the male LRY tin* offspring are 
LRN 9 and SWN d^. The results in the next generation ar^ 
given below: 


SWB 9 by LRY r/ 


LRX 9 
SWX 


22S 

IS) 
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LRX 

9 

= 588 

LRIi 

9 

= 189 

lAVX 

9 

= 204 

lAVX 


224 

BWB 

9 

- 98 

BWB 

cf 

= 95 

SR A 

9 

= 225 

SR]i 

9 

= 72 

SW\ 

9 

= 410 

swx- 


- 418 

SWB 

9 

= 145 

SWB 

cf 

= 145 

SRY 

& 

= 161 

SRBr 


= 47 

LRY 

& 

= 419 

LRBr 


= 102 

LRB 

d' 

= 1 

SWY 

d' 

= 5 

{SWBr 

9 

- 1) 

LWBr 

ce 

= 1 


The expectation is as ioWows*. 


SWByX - S\VUyX 
IRYhX - Yh 


Gametes 
of F, 


SWBYX - SWByX - LRYbX - LRybX 1 
LWBYX - LWByX - SRYbX - SRybX J 

SWBYX - SWByX - Yb — yb Sperm 


SWN 

9 

3 

SWN 

3 

LRN 

9 

3 

LWN 

3 

SWB 

9 

1 

LRY 

d 3 

LRB 

9 

1 

SRY 

d’ 3 

SRX 

9 

3 

SWB 

1 

LWB 

9 

1 

LWB 

d 1 

LWX 

9 

3 

LRBr 

d 1 

SHB 

9 

1 

SRBr 

d 1 


There are seven cases of crossing-over in color. In addition 
there is one record of SWBr 9 which must be either an error, or 
a mutation, since both the female-producing sperm carry the 
factor for black, hence no brown females are possible. Omit- 
ting this single case there are seven cases of crossing-over in 1611 
males. Of these one is one way (RB), and six in the opposite 
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direction. The recessive RB combination may be obscured by 
the red, normal or black, female classes. 

Concerning the cases of crossing-over for character of wi^ig 
SWN c? = 418, while LWN cf = 224; SWR = 145, while 
LWB cf = 95. On the other side, LRY = 419, while SWY o’ 
= 161; LRBr d’ = 102, while SRBr = 47. The sum of the 
'straight’ malls is 1081, and that of the cross-n\’ers527; or almost 
exactly 2 to 1. 

The reciprocal cross is as follows: 


SWB 

by I 

MY 9 

LRN 

9 = 

121 

LRY 

o" - 

76 

LRX 

9 = 

SOS 

LRB 

9 = 

21.5 

LWN 

o"' = 

■ 191 

LWB 

d = 

63 

SWN 

= 

^ 221 

SWB 

c? - 

^ m 

LUY 

9 = 

= M2 

LRY 

d 

= 335 

LRBr 

9 

= 76 

LRBr 

d 

= 73 

SRY 

d 

= 118 

SRBr 

d ^ 

= 17 


The analysis follows: 


Pi 


rftmetes 

of F, 


LRYbX - LRY);X 
SWByX - . yb 

LRbyX - LRYbX - SWByX - SWIiYX [ . 

SRbyX - SRYbX - LW’ByX - JAVBYX / 

LRbyX - LRYbX - . . yb - . . Yb Sp. nu 

LRBr 9=2 LRBr o" = 1 
LRY 9=6 SRBr o'^ = 1 

LRB 9=2 LRY = 3 

LRH 9 . = 6 SRY 0^ = 3 

SWB o’ = 1 
LWB & = 1 
SWN cf = 3 
LWN d' = 3 



94 


T, H. MORGAN AND ELETH CATTELL 


Des^pite the large number of individuals (2677), thei:e are no 
cases of crossing-over for color in the last case. If such occurred 
in the females, they would be masked by the presence of the domi- 
nant factor, R, present in all female-producing sperm. Concern- 
ing the crossing-over of wing characters, it will be noted that LRY 
cf = 335, while SRY - 118; and LRBr cT - 73^ while SRBr 
cf = 17; and the on other hand, SWB cf - 108, ^hile LWB d 
~ 63 and SWN cT =221, while LWN d = 191, The sum of 
the ‘straight’ cases is 737, while that of the cross-overs is 398, or 
approximately 2 to 1. 

LOXt;. RED, BLACK BY SHORT. WHITE, YELLOW 

When LRB females are paired with SWY males, the offspring 
are LRN d's and 9 's. The second generation is given below: 

LRB $ by SWY 

LRN 9 94 
LRN c? Ill 


LRN 9 = 1819 
LRN d = oIVJ 
LRB 9 = 463 
LRB cT = 163 
LWY d = 279 
LWBr d ^ 7S 
SWBr = 194 

SWY = 371 
SRN d' = 266 
SRB d = 63 

LWN cT = 3 
LRY 0^ = 3 
LRBr d ~ I 
(LRY 9=3) 

The expectation is as follows: 


LRByX - LRByX 
SWYbX - ,.,Yb 
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Gametes 
of Fi 


LRBYX - 

- LRByX - 

SWYbX 

— 

$\Vvl)X 

SRBYX - 

- SRByX - 

LWYbX 

- 

LWybX 

LRBYX - 

- LRByX - 

.. Y 

- 




LRN 9 r. 

^ LRN 

c 



LRB 9 

f SRN 

c 




SWY 

d 

3 



LWV 

d 

.3 



LRB 

d 

[ 



SRB 

d 

1 



SWBr 


1 



LRBr 

0^ 

1 


There were seven cases of crossing-over iu HOO inah's, and 
three cases in 2282 females. In the males the three crossings in 
one direction (LWN) are balanced by four crossings in the other 
direction (LRY, and LRBr). The three cases in the females 
(J;RY) can not be explained by crossing-over in the ('ggs, since 
ail female-producing sperms carry the factor for black, hence no 
yellow females arepossible^ unless one of these sperms should lose 
the B factor, which would be a mutation. Hence the ease is 
due either to this, or to some error. 

In the wing characters we find LRN = 562, while SRX cT 
= 266; LRB d' = 163, while SRB d = 53. On the other hand, 
SWY •i’ = 371, while LWY cf - 279; SWBr y - 184, while 
LWBr d ■=^ 78. The*sum of the ^straight’ males is 1280, and the 
cross-overs 676, a ratio of about 2:1. 
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The reciprocal cross gave the following results: 


Fi 


LHB cf by SWY 9 

T.RX 9 83 
SWY cT 79 


LRX 9 = 3o5 
bRN & = m ' 

LRB 9 - 90 
LRB d' = 90 
LWY 9 = 164 
LWY cd = 116 
.LWBr 9 = 35 
LWHr = ,36 
mVY 9 = 147 
SWY = 174 
8WBr 9 = 50 
SWRr = 48 
SRX 9 = 140 
SRN cf = loO 
SRB 9 = U 
SRB cf - 36 

SWN d' = 2 

LWX cf = 5 

LRY 0^ = 3 

SWN 9=2 

LWX 9 = 9 (in one bottle) 


The expectation is as follows: 


Pi 


Gametes 
of Fi 


F2 


SWYbX - SWYbX 
LRByX - ,.by 

SWbyX - SWbYX - LRByX - LRBYX ) _ 
LWbyX - LAVhyX - SRRyX - SRBYX j 

BWbyX - SWYbX - ,by -...bY Sperm 


SWB 

9 

= 1 

SWBr 

d 

= 1 

LWB 

9 

= 1 

LWBr 

d 

= 1 

SWY 

9 

= 3 

SWY 

d 

= 3 

LWY 

9 

= 3 

LWY 

d 

= 3 

LRB 

9 

= 1 

LRB 

d 

= 1 

SRB 

9 

= 1 

SRB 

d 

== 1 

LRX 

9 

= 3 

LRN 

d 

- 3 

SRX 

9 

= 3 

SRN 

d 

= 3 
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There were ten cases of crossing-over in 951 males, and eleven 
cases in 1022 females. In the former there were seven cases in 
one direction (SWN and LWN) balanced by only t hree cases in 
the opposite direction (LRY); but the latter are known to be 
less viable. In the females the eleven cases were in the same 
direction (SWN and LWN) . Of these nine occurred in one bot tle, 
suggestive of some error. 

In wing characters there were LRN o’ 301, while SUN cT = 
150; LRB d' = 90, while SRB d = 30; on the other hand, SWY 
y = 174, while LWY d - 110; SWRr o" =48, while LWR o" 
= 36. The sum of the ^straight’ males is 013, and tlu' cross-overs 
332, approximately 2 to 1. 

SHORT, RED, BLACK BY LOXC, WHITE, NORMAL 

When females SRB are mated to LWN, ,the femah* offspring 
are LRN, and the males SRN. The second generation is given 
below: 

SRB 9 by LWN 


LRN 9 U)o 
SRN 147 


LRN 9 = SS5 
LRN = 316 
LRB 9 = 215 
LRB (d’ = 64 
LWN 0^ = 410 
LWB y = 130 
SRN 9 - 482 
SRN d = 572 
SRB 9 = 151 
SRB cf = 198 
SWN - 166 
SWB 0" = 51 


The expectation is as follows: 


SRByX - SRByX 
LWBYX - ...bY 
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Gametes 

SRBYX 

LRBYX 

- SKByX 

- LRByX 

- LWBYX 

- SWBYX 

- LWByX 

- SWByX , 

1 Eggs 

of 

SRBYX 

- SRByX 

- ..bY 

- . . .by 

Sperm 


SRN 

9 6 

SRN 

d 3 

LRN 

9 6 

LRN 

d 3 

SRB 

9 2 

LWN 

d 3 

LRB 

9 2 

SWN 

d 3 



SRB 

d 1 



LRB 

d 1 



LWB 

d 1 



SWB 

1 


There was no evidence of crossing of color factors in 1937 males, 
and none are expected, since both Black and Normal carry the 
black factor; and the yellow factor that distinguishes them is 
not sex-linked. Tn wing characters SRN d" = 572, while LRN 
d' ~ 316, SRB = 198, while LRB cf’ = 94. On the other 
hand, LWN d = 410, while SWN d = 166; LWB d = 130, 
while SWB d ^51. The sum of the ^straight’ males is 1310 
and the cross-overs 627, nearly 2 to 1. 

The reciprocal cross is as follows: 


Fi 


SRB d by LWN 9 


LRN 9 

514 

LWN 

404 


LRN 

9 

= 831 

LRN 

d 

= 312 

LRB 

9 

= 278 

LR*B 

d 

= 78 

LWN 

9. 

= 661 

LWN 

d 

= 616 

LWB 

9 

= 189 

LWB 

d 

= 184 

SRN 

d 

= 282 

SRB 

d 

= 146 

SWN 

d 

= 244 

SWB 

d 

= 89 

(SWN 

9 

= 5 ; 


(in one bottle) 
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The expectation is as follows : 

LWBYX - hWBYX 
SRByX - ...by 

LWByX - LWBYX - SRHyX - SRIU X 
(iametes SWByX - SWBYX - LRByX - ].}{UYX / 

of Fj 

LWByX - LWBYX - , by - . y Si,erm 

LWB 9 2 LWJ^ o" 1 

LWN 9 6 SWB 0^ l 

LUB 9 2 LWX 3 

LRN 9 6 SWX cf 3 

SRB 1 
LRB* cf* 1 
• SRX 3 

LRX o" 3 

There were 5 SWN 9 's, all from one bottle; wliichcan not be 
explained by crossing-over. They are either mutations or due 
to error. 

Concerning wing-characters, SRB - 146, while LRB = 
78; SRN & = 282, while LRN o' = 312. On the other Inind, 
LWN 'd' = 616, while SWN o" = 244; LWB =- 184, while SWB 
d = 89. The sum of the ^straight' males is 1228, while that 
of the cross-overs is 721. The ^straights’ are less than twice the 
cross-overs, due largely to the SRN’s being actually less than 
the LRN’s. 

CONCLLSIOX • 

The principal object of the preceding experiments was to study 
the phenomenon of linkage on a relatively large scale. The 
results show that whatever sex-linked factors enter into combina- 
tion, those factors come out together id tlie grandchildren. More- 
over, it makesnodifferencefrom the point of viewmf linkage whether 
a 'present’ factor is’ linked to another 'present’ factor or to an 
‘absence/ or even whether two absences are linked together in one 
of the parents. The phenomenon is the same, as both Bateson 
and I have pointed out.^ The results are the more striking when 

* This statement is too sweeping in so far as based on the evidence given in 
the text. 
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it is found in the same experiments that other factors not showing 
sex-linked inheritance do not show associative inheritance with 
those factors that are sex-linked. It is here that the chromo- 
somal hypothesis seems to give an insight into the nature of the 
difference in the two cases. 

In those counts where crossing-over in color is expected there 
were 61 such cases in a total of 12115; a gametic ratio of 1 to 
198. The crossing-over is such a rare occurrence^that although 
the total number of individuals is large, it is by no means large 
enougli to make the ratio significant. 

On the other hand, where the gametic ratio for crossing is low, 
as in the wing-characters, the numbers suffice to make the values 
significant, and it will be observed how closely these approximate 
1 to 2. Moreover, the crossings balance quite well the counter- 
crossings, which is expected on the theory of chromosomal inter- 
changes. 

The same balance is expected for the color ratio but here we 
find, as the following table shows, that IS crossings were in one 
direction and 43 in the other: 


RB 

\Vb 



4 

1 



0 

0 

in 

2(i0 

WB 

Rh 



5 

0 

in 

337 


0 

in 

1477 

\VB 

Rb 



3 

1 

in 

872 

RB 

AYb 



1 

6 

in 

IGil 

0 

0 

in 

1126 

WB 

Rh 



3 

4 

in 

1466 

1 

3 

in 

1973 

4:i 

18 


12115 


But these numbers are, as stated, too small to be significant. It 
should be noted that no actual exchanges between the eggs them- 
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selves are expected, since one of the ’ exclianges always goes into 
the polar body; but on an average the loss to the polar body 
should be as often of one kind as of the other. In order to test 
this more fully the ^exchanges’ should be equalh^ viabh', which is 
not the case in the present experiineiits, where a correction for 
viability has to be supplied. 

It will be noted that the few cases, in which impossible female 
classes appear, have been ^explained away’ as due to mutalion 
or to error. *We believe that we are justified in making this 
assumption on the basis of our general knowledge of the belundor 
of these factors in heredity and of the possible experimental ernu's. 
But a critic will not be slow in pointing out that those cases can 
be explained if crossing-over is admitted for the male. The fair- 
ness of this criticism must be admitted. \\'hether it is justified, 
further work must show, and this work is under way. 




STUDIES ON THE DYNMIICS OF MORfllOOENESIS 
AND INHERITANCE IN EXPERLMENTAL 
REPRODUCTION 

IV. CERTAIN DYNAMIC FACTORS IN THE RK(;i'i.ATORV 
morphogenesis of PLANARIA D0H0T0(^EPHALA 
IN RELATION TO THE AXIAL CIKADIENT 

C. M. CHILI) 

From the H'ldl Zoological Lahoratonj, riiivcr^^ity of ('hiaign 

FORTY-SIX FIGURES 


I. Introductory • KH 

II. Experimental data — 10 1 

A. The axial factor in regulation under constant external eoinlitions. 101 

B. The axial factor in the regulation of pieces under exiMTinu'iital con- 
ditions 100 

1. Ex[>erimcnts with anesthetics lOS 

a. Alcohol 109 

b. Ether ILS 

2. Experiments with potassium cyanide ....... 122 

3. Experiments with temperature 12.^) 

4. Other experimental conditions ^ ^ 1,^2 

C. The axial factor in relation to anterior and posterior xodids 13.'1 

1. Cyanide and temperature experiinent.s 130 

2. Some further cyanide experiments; the relation between 

, method and results 143 


in. Discussion 118 

IV. Summary lol 


Bibliography 


152 


L INTRODUCTORY 

In the firsl paper of this series (Childs He) attention was 
called to the existence of a gradient or gradients of some sort 
along the chief axis of the body of Planaria dorotocephala, as 
indicated by the' regional differences in the regulation of pieces. 

In the second paper (Child, ’lie) some evidence was presented 
for the view that the head region is the dominant region in nior- 
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phogenetic development as well as in function in the axlult, and 
in the third paper (Child, ’ll f) the process of asexual reproduc- 
tion in Planaria was shown to be a necessary consequence of the 
existence of a distance limit in the dominance of the head region. 
Parts which come to lie beyond this limit, either in consequence 
of growth or of decrease in the effective distance of correlative 
factors originating in the dominant part (Child, ’ll a) return to 
the fundamental reaction of planarian protoplasm, which is repre- 
sented in morphogenesis by the formation of a head or the initial 
steps in this process, according to the degree of physiological isola- 
tion and the rate of the dynamic processes. 

It was shown that in Planaria the failure of the posterior zooids 
to undergo visible morphogenetic development while still attached 
to the parent body is due to the fact that they are not completely 
isolated physiologically from the dominant head region of the 
animal. 

The purpose of the present paper is to present certain data 
which throw light upon the problem of the nature of the axial 
gradient. These data concern certain features of the regulatory 
morphogenesis of pieces under experimental conditions. 


II. KXPKRIMKNTAL DATA 

A. THE AXIAL FACTOR IN REGULATION UNDER CONSTANT EXTERNAL 
CONDITIONS 

In the first paper of this series the axial factor in regulation 
as it appears under the usual conditions of existence was consid- 
ered at some length: the most important points of that consid- 
eration must be briefly stated here. They arc as follows: first, 
the axial differences in rate consist of a decrease in the rate of 
regulation with increasing distance from the original anterior 
end; second, in longer pieces the size of the head and in shorter 
pieces the frequency of normal head-formation also decrease with 
change of level in the posterior direction; third; in all pieces the 
pharynx is farthest posterior in the most anterior pieces, i. e., 
the prepharyngeal region is longest in such pieces, and its length 
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decreases as the level of the piece becomes more posterior in tlio 
body ; and finally the relative amount of regeneration, in tlu‘ strict(n’ 
sense as compared with redifferentiation increases at tlie anterior 
end and decreases at the posterior end as the le^ el of tlie ]heee 
becomes more posterior. 

These statements hold good only for pieces witliin tln^ limits of 
a single zodid. With the passage from the posterior end of one 
zooid to the anterior end of another there is a marked change in 
the axial factor or gradient; the pieces from the ‘anterior* ix'gion 
of the second zooid, for example, show more anterior charac*- 
teristics than those from the posterior region of the first zoiiid. 
which originally lay just in front of them (Child, 'll c, ’ll f). 

Of the four regional differences in regulation along the main 
axis which were mentioned above, the first, the rate diffenmce, 
the third, the difference in length of the prepliaryngeal la^giom 
and the fourth, the difference in proportion of regeneration and 
redifferentiation, are all obviously quantitative in charaeP'r. 
The second regional difference as stated above consists in tlu’ 
longer pieces of a difference in the size of tlie head, also obviously 
a quantitative difference, but in the shorter pieces of a diftereiua* 
in the character of the head, which, according to some points of 
view, must be qualitative. As a matti^r of fact, tliese diftenaiei's 
are also primarily quantitative, for it has been ^^ssibl(‘ to pro- 
duce experimentally all these axial differences in the cliaraetei- of 
the head by quantitative changes in external factors, e. g., tiun- 
perature (Child, 11 d; Child and McKie, 11). E xperiments of 
this sort will be considered in another connection. 

In short, the differences in the regulation of similar pie(‘(‘s from 
different regions along the main axis indicate the exisliMici* of a 
quantitative gradient or gradients of some sort along tlu' axis, 
but they do not give any evidence for the existence of (pialitativi' 
axial differences, i.e., of a graded distribution of substanco.s sucli 
as Alorgan has at various times suggested. 

It will be shown, however, in section C below and in later papers 
that the matter is not as simple as it appears from the comparison 
of pieces in sequence under constant conditions. .Vs a matter of 
fact a metabolic gradient does exist along the main axis of the 
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body in the uninjured womi, but the differences in capacity for 
and rate of Jiead-formation are related to this gradient only 
indirectly. Moreover, the rate of the dynamic processes in iso- 
lated pieces is not the same as before isolation and the effect of 
isolation on the rate of reaction differs in a characteristic manner 
for different levels of the body. ' The axial gradient which appears 
in the regulation of pieces taken in order along the axis is of course 
related to the dynamic axial gradient existing in uninjured worms, 
but as will appear more clearly later, the relation is not direct and 
immediate. 

To sum up ; the comparison of regulation of pieces from differ- 
ent levels along the axis and under constant external conditions 
indicates the existence of some sort of gradient or gradients in 
the uninjured animal, but gives us no direct evidence concerning 
the nature of the gradient. 

B. THE AXIAL FACTOR IN THE REGTTLATION OF PIECES UNDER 
EXPERIMENTAL CONDITIONS 

If an axial gradient does exist in the planarian body, such a 
gradient must either persist as a fraction of the gradient in the 
parent body or arise de novo in every piece that regulates into a 
new whole aiK^the possibility exists of obtaining further evidence 
^coiicerning the nature of the gradient with the aid of experimental 
conditions.^ , For example, if the rate of reaction in morphogen- 
esis at the posterior end of a piece of Planaria is appreciably 
less than that at the anterior end it should be possible with the 
aid of external factors which decrease the rate of reaction, to 
reduce the rate at the posterior end to such a level that morpho- 
genesis would cease or almost cease there while it still went on 
at an appreciable rate in more anterior regions. 

As a matter of fact it is possible to demonstrate the aj^ial 
gradient in this manner with various external factors, e.g., the 
anesthlitics alcohol, ether chloretone, etc., low temperature, meta- 
bolic products in the water, potassium cyanide, lack of nutrition 
and other factors which decrease the rate of .the reactions in 
the organism. The effects of all the conditions mentioned are 
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essentially similar: as the concentration of the anesthetic or other 
depressing agent increases, as the temperature bj^coines lower, 
as starvation advances, etc., my observations show that in all 
cases the processes at the posterior end of the piece are inlnbited 
first and after these others in sequence towai-d the anterior end.‘ 
It is possible in fact, with proper conditionn, to inhibit only tail- 
formation, or both tail-fonnation and idiarjmx-fonnation, or 
everything except head-formation, or finally head-formation itself. 

Moreover, when we compare similar processes in pieces from 
different levels we find that they are not the same in all r(\si>ects. 
In the case of head-formation itself, for example, (]uantilatively 
different conditions are necessary to produce a given effect on 
morphogenesis in pieces from different levels. In general abnor- 
mal heads are produced or head-fonnation is inhibited by k^ss 
extreme conditions in pieces from the posterior rc^gion of tln^ first 
zodid than in similar pieces from the anterior region. Ih^sidi's 
this the results differ characteristically at different levels of the 
body according to the way in wliich the depressing agent or con- 
dition is used. We can then obtain evidence concerning tlu‘ 
relation between the regulation of pieces and tlu^ axial gradient 
in a variety of ways. Some lines of this evidence are presented iii 
the following pages. 

^ The fact that under certain conditions piece^s fail to form irads and yet kivc 
rise to long posterior outgrowths 'headless’ pieces (Child. 11 c, ’ll d) may 
to be a direct contradiction of this statement, but it is not. It w.as ])fijnte(l out 
in the preceding paper (Child, ’ll f, pp. 227-231) that tlie outgrowth at flic aiia- 
toinical posterior end of headless pieces is not physiologically simjilv a. posim-ior 
end but is part of a new zodid or series of zooids and ,so i)f(.ssess(‘s a higlx'r rate of 
reaction than the regions of the old tissue anterior to it. In sucli ca.'^e.s it i.< the 
absence of a head that makes possible the establishment of a new head region in 
the posterior part of the piece. This new head region may be and usually i.s th(‘ 
region of highest rate of reaction in the piece and may dominate it (C'hild, 'Ilf. 
pp. 239-241). In the headless pieces, then, instead of a new tail, a m^w zooM may 
arise at the posterior end of the piece and we find that the development ami grmvth 
of the new zodid up to a certain stage is less readily inhibited by external factors 
than Is the formation of a (ail. 

(hi the other hand, the statement that under the increasing action of depres.«ing 
factors the morphogenic processes are inhibited in secjuenc(‘ from the posterior 
f’ud^ anteriorly is true only for pieces which consist of a singh* zodid or [)art of a 
zodid and in which the axial gradient is simple and continuou.s. For such pieces, 
b<nvevcr, it holds in -all dase.s. so far as iny observations go. 
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The influence of external factors on regulation or ‘ experimen- 
tal reproduction’ in Plan aria will be considered more fully in 
later papers. At present we are concerned merely with evidence 
bearing upon the problem of the axial gradient. The data pre- 
sented below show the effect of various external factors upon 
the morphogenic regulatory processes. They comprise a few 
characteristic series and their number might be greatly increased 
if it were necessary. But as regards the points to which atten- 
tion is called these series do not differ in any essential respect 
from any others recorded in my notes, consequently no useful 
purpose is served by giving in full the records of large numbers of 
experiments. Since I have used anesthetics more extensively than 
other agents and conditions in experiments along the line at pres- 
ent under consideration, examples of the results obtained with 
anesthetics are given first and those with other external factors, 
which supplement and confirm them, follow. 

1. Experimenis with anestheiics 

In these experiments the anesthetics were used in such dilution 
that they did not produce complete narcosis and death but usually 
allowed regulation to take place to a greater or less extent. The 
comparison of pieces from different levels and of different regions 
of the same pifee shows, however, that a given concentration of 
•the anesthetic may have a very different effect at different levels 
along the original axis or the axis of the piece. 

The results obtained in the experiments described below are 
characteristic and are all confirmed by other series. The anes- 
thetics were used in various ways: in my earliest experiments the 
mixture of ttie desired concentration was placed in a glass dish 
with ground edge and covered with a glass plate. Every twenty- 
four or forty-eight hours it was replaced by fresh mixture. Where 
quantitative results were not required this method was fairly 
satisfactory. But where different series were to be compared 
some better method of preventing decrease in concentration was 
necessary. In many experiments glass dishes with ground edge 
and fitted cover with ground groove were used. The pieces 
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were placed in these dishes in the solution and a nunibor of the 
dishes were placed in larger glass , jars. A liter or niore of tlio 
same solution was then poured over the dishes to seal tlie^n and 
was allowed to remain in the large jar, which was then eo\aM‘ed 
with a glass plate sealed on with vaseline and weighted. Here 
also all fluids were renewed at least ev(o\v fort>'-eight hours. 
Later still I found that the worms or {heces would liv(* in wattu- 
in corked liter Erlenmeyer flasks with only a small bu])bk' of air 
at the top. When the water in the flasks was changed ev<u*y two 
to four days and not more than twenty-^i^a' or thirty large worms 
or their equivalent in smaller worms or pieces were introduced Ihe 
worms could be'kcpt indefinitely under these conditions without 
any injurious effects and showed as high a rate of metabolism .as 
the animals kept in open dishes. In my later experiments tlu' 
flasks have been used almost exclusively and have given very satis* 
factory results. Their only disadvantage is the necessity of r{m lov- 
ing the worms to other dishes for microscopic examination, bnt this 
is not serious if Erlenmeyer flasks are used for llu‘ animals can Ix^ 
dislodged with no great difficulty and without injury by nutans of 
a current from a large rubber bulb pipette. In consequence of 
the very small surface of the fluid exposed in the. neck of the flask 
the loss of the anesthetic is very slight, even if the cork is not per- 
fectly tight-fitting. Moreover, except in very low coiu’entratitms 
or after acclimatization to the anesthetic, the animals are usually 
at the bottom of the flask. It is certain therefore that decrease 
in concentration as a source of error is eliminated. 

a. Alcohol Series 71; August 10, 1905. Thirty worms 8 to 
10 mm. in length and well fed were cut into two pieces, a including 
the region between the levels 1 and 5 in figure 1, and 6, the region 
from 5 to 8^ the posterior end in figure 1. These ]‘)iecevS wer(' 
placed in 1.5 per cent alcohol at a temperature of about 22 Ah 
\ control series in water was not made in this case since eveiy- 
one who has worked with Planaria knows that pieces like a and 
h give under normal conditions practically 100 per cent of normal 
animals. 

After ten days in alcohol with a renewal of the mixture every 
forty-eight hours the pieces were examined. As far as they con- 
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ceni the character of the head the results are given in table i 
in percentages. The different types of head distinguished in 
the table are described fully in eariier papers (Child, 'll o, 
'll d). The nonnal head possesses equal, symmetrically placed 
eyes and the cephalic lobes are lateral to the eyes. In the 
teratophthalmic head the eyes are abnormal in position, number 
or form, in the teratomorphic head the anterior region fails 
more or less completely to develop and the cephalic lobes 
appear on the truncated front end of the head or may be fused 
together in the median line. The anophthalmic form shows a 
distinct anterior outgrowth but no eyes and finally in the headless 
form the anterior new tissue merely fills in the’ contracted cut 
surface. 


TAHLK I 


Inumbek of' 
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T£ R .VTO PH- TEH ATO- 
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h,..: 30 ' 
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These two sets of pieces a and b, which in water give results 
practically identical except for the position of the pharynx, show 
in alcohol a very great difference in regulatory capacity. .The 
a-pieces show a lower mortality and form heads,more frequently 
iin alcohol than the h-pieces. 

It is evident then that the regulatory processes in the two sets 
of pieces which under the usual conditions lead to practicall} 
identical results are not the same in their reaction to alcohol: 
at the levfel of the old pharynx head-formation is much less fre- 
quent than at a level near the old head. If we compare othei 
levels between these, as I have done in other series, we find thai 
under the same conditions their capacity for head formation lies 
between these two extremes. 

These data demonstrate the existence of differences of soiw 
sort at different levels along the axis, but they give no certaii 
information concerning their nature: that problem will be con 
sidered later. 
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On the other hand, the examination of individual pieces indi- 
cates the existence of differences of some sort at different levels of 
each piece. In water under the usual conditions pieces like a 
resemble figure 2 after eight to ten days of regulation. A large 
new head is present, a considerable outgrowth of new tissue lias 
appeared at the posterior end and the pharynx lias regenerated a 
new posterior portion and has apparently migrated in the ante- 
rior direction in the body. 

The appearance of the d-pieces of series 71 after ten days in 
alcohol 1.5 per cent is indicated in figures 3 and 4, which are typi- 
cal examples. Figure 3 shows the inaxinuim posteilor regenera- 
tion in the whole set of thirty pieces: in ligure 4 th(' posterior 
regeneration is less and figures 5 and 6 show still otlu'r tyjies of 
posterior ends. In two pieces only did an outgrowth of new tissue 
like that in figure 3 occur. The other pieces were all liki‘ figures 4, 

5 and 6. 

The pharynx shows much less regeneration in the alcohol pieces 
than in w&ter, but its apparent migration in the anteriordirec- 
tion has not been wholly inhibited. As a matter of fact, however, ' 
the apparent migration of the pharynx in these pieces is merely 
the result of a shortening of the pharynx. The distance from the 
anterior end of the pharynx to the posterior end of the old tissue 
in figures 3 and 4 is no greater than the length of the anterior 
half of the phamyx originally present in the piece (fig. 1). In 
[water where the apparent migration is more rapid and of greater 
extent (fig; 2) growth does undoubtedly occur in the region which 
thus comes to lie posterior to the pharynx. 

The difference in shape in water and alcohol is also striking, 
[n water (fig. 2) the posterior end is slender and tapering and the 
bead region is as broad as any part of the body. In alcohol 
(figs. 3 to 6) the head is much smaller, and the posterior end is 
t>luiit and wider than any other part of the body. 

It is evident then that in alcohol the regulatory processes at the 
posterior ends of the pieces are much more completely inhibited 
than those at the anterior ends. For the whole series the results 
ire as follows: of the thirty a-pieces twenty-nine, 96.7 per cent, 
brm^ heads and eighteen pieces or 60 per cent form normal heads, 
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Figs. 1 to 6 Effect of alcohol on regulation. Figure 1, diagrammatic, indicat- 
ing levels of section. Figure 2, piece including region between levels 1 and 6 in 
figure 1: regulation in water. Figures 3 and similar pieces: regulation in alco- 
hol 1,0 per cent. Figures 5 and 6, posterior ends of alcohol pieces. 
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but ill only two pieces (fig. 3) does anything resembling a imimial 
posterior end appear and in these two cases the nvw outgrowth 
is still embryonic in character and contains no intestinal brandies, 
while in water the intestinal branches enter the new tissue several 
days earlier. In all the other pieces tlie posterior new tissue 
merely fills the concave cut end and does not grow out luwond 
the contour of adjoining parts (figs. 4 and o) and in some' cases 
does little more than close the wound (fig. (]). 

If such pieces are returned to water the posterior (uid gradually 
eloftgates and becomes more slender, though tlu' new tissm^ shows 
no marked further increase, and the whole gradually apiiroa.du's 
the characteristic shape of such pieces. If, on tiu' oil km- liand, 
the pieces remain in alcohol of the same concentration, 1.5 p(‘r 
cent, they show some degree of adjustment or acclimatization to 
the new environment and regulation imiy proc(‘ed soiiunvliat 
farther than the stages figured above, but is always retarded or 
inhibited to a greater extent in the posterior than in the a.nt(‘rior 
region. 

In the 6-pieces conditions arc somewhat difier^uit. Thes{‘ 
pieces (5 to 5, fig. 1) do not contain the old pharynx and tliough Hk^ 
posterior part of the old pharyngeal pouch is present it d('g(m(u-at('s 
and the new pharynx forms independently of it. lif'gnlation in 
these pieces consists essentially in the formation of a new head, a 
prepharyngeal aifd a pharyngeal region. 

In water regulation occurs as indicated in figure 7 : the ik'W- 
head is large and almost always normal and th(‘ new pre^pharyn- 
geal region represents about the anterior third of the piece. In 
1.5 per cent alcohol the head is much smalku* (figs. S and 9), is 
often abnormal and there is less new tissue (fig. 0); th(' mnv ])]•(*- 
pharyngeal region is always shorter than in wat(‘r (fig. 8), the 
pharnjoc is always small and in the imDre extremx' {‘a.s(s may be 
entirely absent (fig. 9), That portion of th(‘ jhc'Cf' whicli rcMliffer- 
entiates into the prepharyngeal region always becomes narrowc'r 
than more posterior regions of the piece (fig. 8) and eV(ui in cases 
where the pharynx is entirely absent a sliort region posterior to 
the new head isjisiialb.^ more or less naiTOW(Hl ( tig. !)j. Ihis 
narrowed region is the region ^vherp regulation has occurred in 
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such cases : posterior to it practically no changes have occurred in 
the piece. 

In the above table only 56.7 per cent, i.e., seventeen of the 
pieces formed heads at all: all the others died except one piece 
which remained headless. A new pharynx appeared in 40 per 
cent of the whole number, i. e., in tw^elve pieces. It is clear that 



Figs. 7 to 9 Alc;ohol. Figure 7, piece including region between levels 5 and & 
in figure 1: regulation in water. Figures 8 and 9, similar pieces: regulation in 
alcohol 1.5 per cent. 


the process of pharynx-formation is affected to a much greater 
degree by the alcohol than that of head-formation for in five pieces. 
16.7 per cent, heads but no pharyiiges appeared and in those 
cases wher6 the pharynx did form it was always very small and 
remained so. Figure 8 represents the maximum regulation in the 
set after ten days in alcohol : the head is normal and though smaller 
than in similar pieces in water (fig. 7) is not extremely small, but 
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the pharnyx is minute and never attains anything like the usual 
size ill water. Figure 9 shows one of the more extreme eases in 
which the head is smaller and teratophthalmie and the ])harvux is 
entirely absent. In all cases pharynx-formation is inhibited 
before head-fonnation ; the latter can go on to a greater or less, 
extent under conditions which completely inliiliit th(' foriiKaa 

This series does not afford a direct comparison Ixaween the 
pharynx and the posterior end because in the n-pie(*{^s the old 
pharynx and in the 5-pieces the old posteiio]- ond is tiresent. It 
does show, however, that in the n-pieces head-formation may occur 
under conditions which inhibit the formation of a ])ost(a'ior (mhI 
and in the 5-pieces under conditions which iuliibit ])harynx-forma- 
tion. Moreover, we see that head-formation is affected to a 
greater extent in the 5- than in the n-pi(H'('s })y a given concen- 
tration of alcohol. All of tlu'se facts indiea((‘ ila^ existence of 
differences of some sort, apparently c|uan1i(a(i\'(\ in tlie dynaniie 
proces.ses at different levels along the axis, both in tlu* original 
animal and in the piece. 

Series 84 and 85. October 12, 1908. WvW hal worms 12 to 14 
imu. in length were used. Series 85 consists of l-wiMity pi(‘cvs 
including the old head and that pm'tion of tin' body anl{a‘ior to 
the level 4 iti figure 1: these were ’kept in 1.5 piu* (hmU alcohol. 
Series 84 is a control of twenty similar jheet^s in watca*. Figun' 
10 shows the condition of the pieces of series 85 after (ight days 
in alcohol, figure 11 the condition of the control in Avater after 
the same length of time. In figure 10 regulation post(a-ior to \ \\v 
new pharnyx is almost completely inhibited; no tail is formed and 
the postpharyngeal region does not elongate as in th(’ (‘oiitrol. 
The pharynx itself is of small size, but its formation is not iu- 
.hibited. Evidently postpharyngeal regulation and tail-formation 
are more completely inhibited in this series than pharAuix-forma- 
tion. 

Series 81. In this series the effect of placing tlu^ whol(‘ worms 
in alcohol for different lengths of time befon^ c)peration was deter- 
mined. On October 1, 1908, one himdrcMl well ted worms 15 
mm. in length were placed in alcohol 1 .5 per cent in crystallizing 
dishes holding about 1 J Liters; these were filled almost full of the 
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fluid and covered with an accurately fitting glass plate, and the 
fluid was renewed daily. At intervals of two days ten pieces 
including the region between the levels 1 and 4 in figure 1 were 
cut and allowed to regulate in 1.5 per cent alcohol. In the first 
■ of these sets the worms had been in alcohol, two days before the 
operation, in the second set four days, etc. 

. In general the series shows that the effect of the alcohol on regu- 
lation increases with the length of time in alcohol before section, 



Figs. 10 to 13 Alcohol. Figiii'c 10, piece including region anterior to level 4 in 
figure 1: rognlation in alcoliol 1,0 ])ei' cent. Figure 11, similar piece: regulation 
in water. Figure 12, pi^'ce including region hetween levels / and 4 in figure 1; 
from worm in alcohol 10 per cent two day?' before section : regulation in alcohol 
1.5 per cent. Figure 13, .similar {liet'c fi'uiii woirn in alcolicl four days before 
section. 

the length of time after section being the same in all cases. Fig. 
12 ^^iows the characteristic condition of the pieces cut after (he 
wdrms had been two days in 1.5 per cent alcohol and allowed to 
undergo regulation during fourtt^en days in alcohol of the same 
concentration. Five pieces remained alive at the end of this 
time and all were much alike. Tail-formation is almost poiu- 
pletely inhibited but the pharjmx is well developed though small. 
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The head is usually normal as in figure 12, though occasionally 
terat ophthalmic. In these five pieces no appreciable changes 
beyond the conditioh shown in figure 12 occurred before death. 

Figure 13 shows a piec^ cut after tlie worrtis had been four days 
in alcohol and left in alcohol fourteen days after cut ting. At 
the end of this time four pieces were alive. As indicated in the 
figure, regulation at the posterior end is limited to filling in the 
contracted cut surface and the pharynx is also entirely absent. 
Nevertheless these pieces form a head, tlrongh it is usually tera- 
tophthalmic. Here again the formation of a head occurs under 
conditions which inhibit the formation of '|)harynx and tail. 
No further regulation occurred in these pieces and they finally 
died in the alcohol. 

In general the same axial relations appear in tlris scries as in 
the preceding: the regulatory processes at the anterioi* end of the • 
pilce are less retarded or less often inhibited than those concerned 
with pharynx-formation and these in turn less than the pr()(*esscs 
of tail formation. 

Series 69 and 70. In these series the effects of different concen- 
trations of alcohol were compared. On August 4, 1908, pieces 
including the old head and the region anterior to the level 2 in 
figure 1 were cut from worms about 10 mm. in length. Of the.se 
pieces five were placed in water as control, five in O.o per cent 
alcohol, five in 1 pfer cent and fi^'e in 2 per cent alcohol. The 
room temperature at the time of the experiment was rattier liigh 
during the day, often reaching 26N\ and regulation occurred rap- 
idly. At the end of five days the pieces in water were approxi- 
mately like figure 14. New tissue had grown out at the poster- 
practically completed; the postpharyngeal intestinal branches 
already extended well into the new tissue. ligiire lo shows the 
usual condition after five days in 0.5 per cent alcolujl. the 
formation of the pharynx and of the two lateral intestinal branches 
has taken place, but the posterior new tissue does not hn-m a 
functional tail and the intestinal branches have not grown into jt. 

Figure 16, from 1 per cent alcohol after five days, shows still 
further decrease in the posterior new tissue. No tail is present 



118 


C. M, CHILD 



iMgs. 14 to 17 Effect of different concentratiDns of alcohol: pieces include 
region anterior to level 1 in figure 1. Figure 14, water. Figure 15, 0.5 per cent 
alcohol. Figure 16, 1 per cent alcohol. Figure 17, 2 per cent alcohol. 


but the pharynx has developed and intestinal regulation in the 
pharyngeal region has begun. 

In figure 17 a piece after five days in 2 per cent alcohol is shown. 
All regulation except closure of the wound is inhibited. Thisds 
the only one of the five pieces that lived five days. 

These series show that the formation of a pharynx and of the 
lateral intestinal branches in the pharyngeal region may occur 
under* conditions which completely inhibit the formation of a 
structurally differentiated, functional tail. 

The records of numerous other alcohol series might be given, but 
all are of essentially the same character. Everywhere the procGvSs 
of tail-formation is inhibited by less extreme conditions than 
those necessary for inhibition of the processes characteristic of 
more antej’ior levels. The process of pharynx-formation shows a 
greater resistance to alcohol than that of tail-formation, but less 
•than that of head-formation. In pieces from different levels, 
on the other hand, the 'same regulatory process is differently 
affected by the same concentration of alcohol. All the results 
obtained along this line with alcohol point to the existence of a 
dynamic axial gradient in the original worm and in the piece. 

h. Ether. The results obtained with 0,4 to 0.5 per cent ether 
are in general similar to those described above for alcohol. The 
same differences appear along the axis in the effect of the ether 
upon the regulatory processes. Ether inhibits the outgrowth of 
new tissue to a somewhat greater extent than alcohol so that 
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lonilation in ether becomes almost entirely a process of redilTereii- 
tiation as contrasted with regeneration in the stricter sense. The 
(lata of one serie| ar^given. 

Series 92. November 4, 1908. Well fed worms lo to 17 mm. 
in length were used. The series consists of ten ]n‘e])haryngeal 
pieces comprising the region between the le\'els / and 2 in figure 
18, and ten postpharyngeal pieces U and 4, fig. IS). So far as 
the results can be tabulated they are given in percentages in 
table 2. Since each lot consists of ten pieces tln^ percentage 
fiirures are ten times the) mimbei’ of pieces. The a-pieces in 
the table are the prepharyngeal, the />-{)ie(‘es the postpliaryn- 
geal pieces. 
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The table shows the differences in the iheces aft(n- twelv(' a,iul 
after eighteen days in ether. After twelve days one ( HI p(‘r (aail) 
of the prepharyngeal pieces has a normal head, one a t(M‘atoi)h- 
thalmic head and at least three pieces (30 i)er cent + ) sltow a lu'w 
pharynx. Three other pieces are disintegrating at the anteiior 
end instead of undergoing regulation and will sooii die. The post- 
pharyngeal pieces at this stage show no heads and no pliarynges. 

After eighteen days in ether only three pieces are alive in each 
set. Two of the three prepharyngeal pieces aie normal and d!ie 
teratophthalmic and all have pharynges, while of the ])o^t- 
pharyngeal pieces two are normal as regards the In^ad, but arc 
without pharynges and one is degenerating anterior!}'. It is evi- 
dent that regulation is less completely inhibited in the prepharyn- 
geal than in the postpharyngeal pieces. Heads and eyes a])poar 
earlier and pharynges appear only in tlie prepharyngeal pieces. 

A few figures will serve to supplement thc^ ta])ulated data. 
Figure 19 shows the prepharyngeal piece with, normal eyes aft(a* 
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twelve days and figure 20 another piece after eighteen days. 
Neither of these pieces has formed what can be called a tail but 
both show a small pharynx and in both a no?ma]|head Has formed, 
chiefly by a process of redifferentiation. Intestinal regulation 
has occurred only so far as the formation of the pharynx has 
displaced and obliterated parts of the original intestine. 

Figures 21 and 22 show two of the postpharyngeal pieces after 
twelve days. In figure 21a condition often seen in ether is shown: 
here the cut surface at the anterior end has not contracted in the 
usual manner but has remained widely open and a very thin 
layer of new tissue covers it. In figure 22 the anterior end con- 
tracted and a small amount of new tissue arose. These two 
figures represent the extremes of difference in the pieces at this 
stage. None show either eyes or pharynx. 

Figure 23 shows one of the two pieces which lived long enough 
to develop e^^es. The head, so far as it has developed^ is almost 
wholly the result of redifferentiation and shows no trace of auricles, 
and the piece contains no pharnyx. Such pieces examined under 
pressure show almost no trace of intestinal regulation ; the lateral 
intestinal branches usually meet anteriorly, but no prepharyngeal 
axial intestine is formed (fig. 23). Regulation is evidently con- 
fined entirely to the head region and even there is limited chiefly 
to the nervous system with which the appearance of. the eyes is 
closely connected. 

This series shows particularly well how certain morphogenetic 
processes can be eliminated while others still continue under the 
same external conditions. 

Figure 24 shows a postpharyngeal piece from another, ether 
scries : herea still more extreme modification of regulation appears. 
The only externally visible evidences of regulatory morphogene- 
sis are the minute area of new tissue at the anterior end and the 
single median optic pigment spot. Examined under pressure,, 
such pieces show small cephalic ganglia more or less fused (Child 
and McKie, Tl). No trace of a pharynx exists and the alimen- 
tary tract is either similar to that in figure 23 or the two parts' ma}' 
be entirely separate anteriorly. 
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Figs. 18 to 24 Fiffect of ether on regulation. Figuio IS, iIiMgrarnniatic, indicat- 
ing levels of section. Figures 19 and 20, pieces including t he region between levels 
f and 2 in figure 18; regulation, in 0.1 per cent ether, lignre.s 21 and 22, pieces 
including region between levels 5 and 4 in figure IS: twelve days in ether. Figures 
23 and 24 similar pieces after eighteen days in ether. 
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With chloretone results of the same general character as those 
described above for alcohol and ether have been obtained. 

2, Ex])enmenh with potamum cyanide 

The cyanides I have found of great value in my attempts to 
analyze the processes of regulatory morphogenesis. The results, 
while of the same general character as those obtained with the 
anesthetics, can be more exactly controlled and the more extreme 
modifications and inhibitions are readily obtained without the 
high mortality which accompanies the use of the anesthetics. 

In my experiments with KCN I have used corked Erlenmeyer 
flasks as described above and have often kept several hundred 
pieces, fifty in each flask, for two or three wrecks inKCN, renewing 
the solution every forty-eight or ninety-six hours, without losing 
a single piece, yet the solution was sufficiently concentrated to 
alter the regulatory capacity of the pieces very greatly. In all 
such experimeuts where controls in water are necessary these are 
also kept in corked flasks, although I have not been able to dis- 
cover that the results as regards regulation differ whether the 
pieces are kept in water in corked flasks or in shallow open dishes, 
provided, of course, that the water in the flasks is changed often 
enough . 

Here only one of my cyanide series need be given since all 
points essential to the present purpose are illustrated by it and 
the results of other series are in general similar. 

Series 409. June 24, 1911. Well fed worms 1 6 to 20 mm. were 
u.sed : from these pieces were cut as follows ; 

la 25 pieces including the region 1-3 in figure 25 
lb 25 pieces including the region S-5 in figure 25 
2a 25 pieces including the region 1-2 in figure 25 
2h 25 pieces including the region 2-3 in figure 25 
2c 25 pieces including the region in figure 25 

These pieces were placed in KCN i o oVo in liter flasks, the solu- 
tion being renewed every four days. Eight days after the begin- 
ing of the experiment a rise of several degrees in the temperature 
of the room occurred and the pieces began to die. Ten days after 
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the pieces were placed in KCN all were examined and since the. 
high temperature made it probable that all would die, in a few 
davs if left in the KCN, all that were then alive were returned to 
water. The condition of the pieces at the end of the ten days in 
KCN was as follows: 

Nine la-picccs were alive and were all of the t>’])e shown in 
hgure 26. Normal heads were present in all, but tail-formation 
was completely inhibited: the new tissue merely closed tlu* wound 
and did not even fill the concavity of the contracted cut surfacau 
The anterior half of the old pharynx, whicli the piece contaiiuHl 
from the beginning, was much reduced and showed no signs of 
regeneration. 

Of the f 6-pieces seventeen were still alive: of these lifteim wvvi^ 
like figure 27 and two like figure 28. None of them showed any 
trace of pharynx-formation. 

The condition of the shorter pieces, 2(l 26, 2c after ten dax s in 
KCN is shown in figures 29 to 3 1 . The 2a-piec(^s, of which t went y- 
ouc were alive, were all much alike (fig. 29). An outgrowth of 
new tissue had appeared at the anterior (uid and (wes and aurich's 
wei*e distinguishable by their unpigmented ar(^as, but no pharynx 
liad formed and at the posterior end nothing bi'}’ond closure of 
the wound had occurred. 

Of the 26-piece6 seventeen Avere still alive, all similar to figui‘e 
30. The anterior new tissue in these pieces is less in amount than 
in 2a, neither eyes nor auricles have appeared as yet, tlie anterior 
half of the pharynx, which these pieces contain, shows no regener- 
ation and regulation at the posterior end is limited to wound- 
closure. 

Seventeen of the 2c-picces were aliAT: th(‘ aiitcnaoi' outgrowth 
Avas less than in 26 and neither pharynx nor postculo]* (aid had 
dcA^oloped. Figure 31 shoAvs the character of these pie(*es. 

The comparison of these fi\T sets is of interest. In ('very piece 
the regulatory processes at the posterior end are more completely 
inhibited than those at the anterior end, moreover, tlie degn'C to 
Avhich the formation of the head is affected by the Iv( 'N varies 
with the level of the pieces in the original bod}'. Hi'ad-formation 
is affected less in theja-pieces (fig, 20) than in the more posterior 
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Figs. 25 to 31 Effect of KCN on regulation. Figure 2o, diagrammatic, indicat- 
ing levels of section. Figure 26, piece including region between levels 1 and 3 
in figure 25: after ten days inKCN loo’sirTym. Figures 27 and 28, pieces including 
regions between levels 3 and .5 in figure 25 : after ten days in KCN tWj tto ro. Figure 
29, from region 12m figure 25. Figure 30, from region 2 3. Figure 31, from region 
5 4: all ten days in JCCX 107000 m. 
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//)-pieces‘(figs. 27 and 28) and anterior regulation in the ^^o-jneees 
itig. 29) is less affected than in the 26-pieces (hg. 30) and in tliese 
less than in the 2c-pieces (fig. 31). In short the same gradient 
appears in these experirnents as in those witl\ alcohol. If, as has 
been suggested, KCN retards the oxidation processes the n\sults 
of the experiments suggest the existence of a gradient in the rate 
of the oxidation processes along the axis. As will apjn^ar later 
there is very strong evidence along other lines for the existence 
of such a gradient. 

Incidentally two other points of interest concerning these 
pieces may be noted: first, in the KC'N the developmcmt of the 
optic pigment cups is more completely inhibited than (hat of tin' 
uupigmented optic areas. In the ia-picces the optic pigment 
cups are represented by small dots, while the uupigmented an ‘as 
are much more nearly the usual size; the same eondition exists iu 
those 1 6-pieces which develop eyes (fig. 28). In the 2n-pieccs 
this differential effect is still more striking for here the pigment 
cups are absent, though the uupigmented areas are well marked 
(fig. 29). 

Second, the differentiation of the sensory vmpigment(Hi areas 
of the auricles is less completely inhibited than the outgrowth of 
the auricles. In the la-picces- (fig. 26) there is a barely appre- 
ciable outgrowth, but the sensory areas are well developed and in 
the 2a“pieces (fig. 29) the sensory areas appear witliout any trace 
of outgrowth. These results show some of the possibilities of 
analysis of regulatory morphogenesis. 

3. Experiments with temperature 

Series 310, 311, 314. January 9, 1911. These series sliow the 
effect of different temperatures upon the regulatory processes at 
the posterior ends of short anterior pie(*os. The pieces used in- 
cluded the head and the short portion of the body anterior to the 
level 1 in figure 32; all were cut from well-fed animals 16 to 18 mm. 
in length from the same stock. Pieces of this size and character 
were chosen because they represent in a seii.^e a critical length for 
this region of the body and for inediinn lemperatures, i.o.. at 
temperatures of 18° to 22°C. such pieces sometimes give vise to 
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normal animals and sometimes fail entirely to develop a pharynx 
and posterior end (tailless forms) . Table 3 gives in percentages th(‘ 
results of regulation of such pieces at three different temperatures: 

TABLE 3 


SEIIIKS Tf:MI-hHATi:iiK ' TAlLI.EbS NOHJIAL DEAU 

25 0 SS ^ 12 

50 22 70 ' 8 

50 44 54 , 2 


Each of the three series combined in the table was originally 
intended for comparison of the effects of different temperatures, 
but in series 310 and 311 the high temperature lots died because 
too high a temperature was used: these two series are therefoi'e 
incomplete but their combination with series 314 gives compara- 
tive results for three tempera turns. 

The percentages of 'tailless' and ^normal’ in the table represent 
final results, i.e., the tailless forms were not cases in which forma- 
tion of the posterior end was retarded. Very different lengths of 
time were necessary at the different temperatures; at the highest 
temperature regulation was complete in about four days, at 20° in 
eight to nine days and at 10° nearly a month was necessary. The 
pieces were kept considerably longer than this in order to make 
sure tliat tails did not appear later, but as a matter of fact the 
tailless animal can be readily distinguished from one which is 
going to form a tail after a relatively early stage by the thickening 
of the posterior region which appears in the tailless forms. 

The table shows clearly that the percentage of tailless forms 
increases as the temperature falls. The lower the temperature 
at which regulation occurs the less frequently do the pieces become 
wholes. This variation of the regulatory capacky with tempera- 
ture is apparently due to the fact that at lower temperatures the 
rate of reaction at the posterior end of the piece is more frequently 
below the level necessary for tail-formation than at higher. So 
far the results have no relation to the axial gradient, but when we 
examine and compare the pieces which have undergone regulation 


314/ 2fi^t()2S“ 

310 20'" 

311// 1 

314// } 
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at different temperatures Certain points concerning the gradient 
appear. 

Figure 33 shows the characteristic result after eight days at a 
teini^ature of 26"" to 28"^. The posterior outgrowth of new t issue 
is long, the new intestinal branches have already extended to its 
posterior end, the pharynx is advanced in develo])ment and the 
change in proportion is marked. The pieces ha\'(' deca-eased con- 
siderably in size boeause of their high rate of metabolism and the 
absence of food. AH the high temperature pieces are essentially 
like this. 

Figure 34 represents a normal whole after eleven (hiys at a 
temperature of 20°. The outgrowth of neAv tissue is mucli shorter 
than in figure 33 and the posterior intestinal branches luix’e not 
developed as far into the new posterior end, but the pharynx is 
about the same size in the two cases. In other words tlie (‘xtreme 
posterior region of the body is less highly differentiated in figure 
34 than in figure 33 : its development has l)eeu retarded to a greater 
extent, or has ceased at a slightly earlier stage, while farther 
unieriorly, i.e., in the pharyngeal region, the develojiment is 
much the same in the two cases. 

In figure 35 a normal whole after thirty-six days at 10° is shown. 
The. posterior new tissue is short and Irliint and the posterior 
intestinal branches have not penetrated it at all; its dev(^lo])m(uit 
as a tail has ceased at a much earlier stag(‘ than in the preceding 
cases. In this case the development of the jfiiarynx also ceases 
at a much earlier stage than at higher temperatures. It remains 
small and short and apparently does not attain any considerable 
degree of motility. Here, too, the change in ])ro])ortiou is practi- 
cally absent because the locomotion of the joic^ce is slow and the 
new tail scarcely functions at all as an organ of attachment 
{Child, ^09). In fact, it is perhaps a question whether the pos- 
terior outgrowth in these pieces can be called a tiiil or not. Since 
it is impossible to detei’inine just where it ceases to be a tail, I 
have called all cases wholes in which a pharynx is present and the 
formation of the posterior intestinal branches has begun. It is 
evident at any rate that in such pieces the morphogenetic ])ror- 
esses in the postpharyngeal region are more completely injiibited 
or cease at an earlier stage than in the pharyngeal region. 
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At the highest temperature all of the pieces form wholes: at 
a temperature of 20° 22 per cent, and at 10° 44 per cent remain 
tailless. There is some difference in the amount of new tissue 
in the tailless forms : the usual type at 20° is shown in figure^ and 
that at 10° in figure 37, though some animals like figure 36 occur 
at 10° and some like figure 37 at 20°. In all of these cases regula- 
tion at the posterior end is almost completely inhibited. The 
growth of new tissue docs not proceed far beyond closure of the 
wound and the region is not used as a tail^by the animal. The 
difference in this respect is striking. These tailless forms are 
{|uite unable to adhere to the substratum by their posterior ends 
and so arc dislodged by very slight movements, of the water, 
while the individuals with tails in the same dish hold tightly to 
the substratum like normal animals. In such pieces the forma- 
tion of both the postpharyngeal and the pharyngeal region is 
completely inhibited. 

The longitudinal optical section of the different pieces shows 
some points of interest. Figure 38 is the section of the high 
temperature wholes, figure 39 that of the low temperature wholes 
and figure 40 that of the tailless forms. In these last no posterior 
elongation occurs so long as they are kept under the same con- 
ditions, but in later stages the thickening m the posterior region 
of the body increases and often a peculiar dorsal hump or out- 
growth (fig. 41) appears, which contains the continuation of the 
alimentary tract. A study of the living animals shows that 
these dorsal elevations arise in the region where the pressure of 
the intestinal conients is greatest when they are forced posteriorly 
and often a bulging of the body- wall is visible in this region when- 
ever eonh’a(4ioii occurs, even before the permanent outgrowth has 
formed. These dorsal humps are uixloubtedly the result of the 

Figuretj 32 to 42 Regulation at different tcmperaturca: all pieces represent the 
region anterior to the level 1 in the diagrammatic figure 32. Figure 33, regulation 
at high temperature. Figure 34, regulation to ‘whole’ at medfUm temperature. 
Figure 3o, regulation to ‘whole’ at low temperature. Figure 36, ‘tailless' form: 
regulation at medium temperature. Figure 37, ‘tailldis' form: regulation at low 
temperature. Figures 38 to 41, longitudinal optical sections of whole and tailless 
forms. Figure 42, whole produced by subjecting a tailless form to higher tempera- 
ture. 
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reaction of this region to the altered mechanical conditions result- 
ing from the absence of the posterior end. 

At 10“ 44 per cent, twenty-two pieces, were tailless after thirty- 
six days. These tailless pieces were then brought to a t^pera- 
ture of 20“ and left for eight days. At the end of this time ten of 
the pieces had developed tails pharyngcs and posterior intestinal 
branches as indicated in figure 42. The other twelve pieces 
showed no signs of tail-formation. This result affords a confirma- 
tion of the results given in table 3 for 20“. At that temperature 
22 per cent, eleven pieces, remained tailless; at 10“ 44 percent, 
twenty-two pieces remained tailless, butwhen these tailless pieces 
were raised to 20“ only 24 per cent of the total remain tailless. 
This percentage is almost the same as that of the pieces kept 
throughout at 20“ (22 per cent). 

Figure 42 shows the result of acceleration of the regulatory proc- 
esses, while the preceding figures show the results of retardation. 
It is evident from figure 42 that morphogenetic developm^t has 
occurred to a greater extent at the level of the pharynx than in 
the postpharyngeal region : in other words, when the rate of reac- 
tion is accelerated during development the morphological effect 
is greater or appears more raj)idly in the more anterior region. 

In these series we are concerned only with the pharyngeal and 
postpharyngeal regions but evidence of th^existence of a dynamic 
gradient appears in these regions in the different effects on mor- 
phogenesis at different fevels of retardation and acceleration of 
the dynamic processes. 

Scries 291. December 21, 1910. From well fed worms' 16 \o 
18 mm. in length pieces including the region between the levels 
2 and 3 in figure 32 were cut. Fifty of these pieces underwent 
regulation at a temperature of 8“ to 10“C. and fifty at 28“ to 30“C. 
The final results, tabulated in percentages are as follows: 


TABLE 4 


XliMBKH OK 


TtMI-tCH.VnKE 


TEltATO- 

MOiiPHIC 


A.NOPH- 

THALMIC 


HEADLESS 


DEAD 


oO 28° to 30° 71 20 2 2 0 2 

•aO to 10° 20 22 20 10 22 0 
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The table shows very great differences inThc clnM-acter and fre- 
quency of head-formation at the different teihporatures, but the 
evidences for the existence of an axial gradient appear only on 
examination of the individual pieces. At the higher temperature 
74 per cent of the pieces were like figure 43, with large head, well 
developed pharynx and long, pointed posterior outgrowth. The 
alimentary tract (not shown in the ligiu-e) is well dinadoped in the 
new posterior end. Figures 44 and lo represin ) 1 1 he t.W( > ext reines 
;ifter thirty-six days at the lower lein])eratur(\ Only 21.) \wi' eeut 
of the* pieces were like figure 44, the otlun-s being intermediate 
between it and figure 45, or like the latter. In all of tlu'si' i)ieees 



43 44 45 


Figs. 43 to 45 llegulation at differont tomporaturcs; pickers include region 
between levels % and 3 in figure 32. Figure 43, rcpilation at high temperature. 
Idgiires 44 and 45, regulation low temperature. 

« 

al^lotV temperature the outgrowth at the posterior end of the 
piece is almost entirely inhibited. Even in figure 44, wliich 
represents the most complete regulation at (he lower temperature, 
the new tissue merely fills the contn),et('(l wound and shows no 
actual outgrowth beyond the contour of adjoining parts. There 
is no trace of posterior intestinal regulation but a normal though 
small pharynx and a normal head have d(n eloped. Evidently 
the low temperature inhibits posterior’ regulation to a vei’v large 
extent, but 08 per cent of the pieces in whicli i)ost(dior regulation 
was like that in figures 44 and 45 developed heads of sonu* kind 
and 26 per cent developed normal heads. In the ext reme headless 
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type at low temperature (fig. 45) practically all regulation beyond 
wound-closure has been inhibited. The important feature of 
the series for present purposes is the development of heads at a 
temperature which practically inhibits the development of the 
posterior end. 

In general the temperature experiments give results similar 
to those obtained with anesthetics and KCN. They indicate the 
existence of an antero-posterior dynamic gradient. Head-forma> 
tion and the development of a small pharynx may occur at a 
temperature which practically inhibits development nf the pos- 
terior end. The low temperature affects pharynx-formation 
more than head-formation and the development of the posterior 
end more than either. 

The results with different temperatures are less extreme than 
those obtained with KCN and the anesthetics, but they are of 
the same character and since we know that the changes in organ- 
isms produced by different temperatures are primarily quantita- 
tive, they seiwe to confirm the conclusion that the effects of the 
other external agents are likewise primarily quantitative. 

Other experimental conditions 

With various other experimental conditions the results are essen- 
tially similar to those already described. ^ In pieces from worms 
in extreme stages of starvation regulation at the posterior end is 
retarded to a greater extent than at the anterior end, the basis 
of comparison being of course well fed worms. Absence of food 
undoubtedly results sooner or later in a decreased rate of metaj^- 
olism (Child, T1 b) and in pieces with this decreased rate the 
regulatory morphogenetic development at the posterior end is 
retarded or inhibited to a greater extent than at the anterior end. 

Similarly the presence of metabolic products of Planaria in the 
water undoubtedly decreases the rate of metabolism and the effect 
on regulatory morphogenesis is similar to that of starvation or 
low temperature, though it may be greater and in extreme cases 
approaches that obtained with the anesthetics. In the second 
paper of this series some of the results obtained with metabolic 
products in the water were described in another connection (Child, 
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lie pp- 208-204) and it was pointed out that the formation of a 
head, though often a teratomorphic head, was still possible in 
pieces where the development of the pharynx was completely 
inhibited. 

There can be no doubt that a variety of other external agents 
which decrease metabolism will produce similar results, but since 
the present investigation is primarily concerned with the internal 
processes and conditions rather than with the external factors 
which produce them, no attempt has been made thus far to (^xtend 
the experimentation to a great variety of substances. It has 
seemed preferable to acquire a more extended knowh^dge of the 
action of a few agents and conditions as a basis for further work. 
Sooner or later of course it will be desirable to compare tlie effect s 
of a great variety of agents and such comparison will undoubletlly 
bring to light facts of much interest, but for work of this cliaractcr 
an adequate basis is absolutely essential. 

c. THE AXIAL FACTOR IN RELATION TO ANTERIOR AND POSTERIOR 

zooms 

In the experiments described above only the axial gradient 
within the Umits of a single zobid has been considered. ithin 
these limits the gradient is more or less uniform but in the pa,ssag(' 
from the posterior end of an anterior to the anterior end of a more 
posterior zooid it shows a marked change and in general th(^ pos- 
terior zobids are in a somewhat different dynamic condition from 

the anterior zobid. , 

• Attention was called above (p. lOo) tc the fact that :n the rpRU- 
lation of pieces under constant conditions the passage from the 
posterior region of the anterior zobid to the anterior region of tin* 
second zobid is clearly marked by a change in the Kgulator} 
capacity of the pieces. Pieces of given length from the anterior 
region of the second zobid show a much great ci capacit} to orm 
normal heads and so to undergo complete regulation than co t e 
pieces anterior to them in the posterior region of the lirst zooid: 
iu*other words, the pieces from the second zobid are physiologi- 
cally more ‘anterior/ more like pieces from the legion near t e 
head than those which lie just anterior to them in the 'o y. 
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was this difference which led to the recognition of the^existence of 
posterior zooids (Child, ^06, '09, '11 c,*'ll f). 

Under certain experimental conditions the axial factor in rela- 
tion to the anterior and posterior zooids appears even more clearly 
than under the usual conditions. Here, as in the experiments 
described above, various conditions, e.g., different temperatures, 
alcohol and ‘other anesthetics, etc., may be used to bring 

out these differences. Such experiments show beyond a doubt 
that the zooids are marked off more or less clearly by differences 
in dynamic conditions along the main axis. But the actual 
results as regards the regulation of the pieces differ very widely, in 
certain cases diametrically, according to the manner in which the 
j-eagent or condition is used in the experiment. At present, 
however, it is desired merely to show that the posterior zooids 
are distinguishable from the anterior by means of this dynaiiiic 
axial' factor. The problem involved in the different effects of a 
given agent under different conditions will be taken up later. 

Only a few of my experimental series which bear upon this point 
are given below: KCN and temperature scries are selected because 
they demonstrate the point clearly and have a much lower mor- 
tality than the series with anesthetics. In all cases the series arc 
primarily concerned with the dynamics of regulatioii’rather than 
with the point considered here which is merely an incidental result. 

In order to avoid repetition it may be stated that in all the 
series given below worms 18 to 20 mm. in length were used in 
these worms the anterior zooid usually included about half the 
total length and the posterior half consists of either two or thr^e 
well-defined zooids. In figure 4b the region in which the anterior 
end of the second zooid occurs is indicated by the shaded area at 
XX, The position of the boundary between the two zooids varies 
in different individuals and the length of the shaded area in the 
figure represents approximately the limits of variation, while the 
frequency of its occurrence at different levels within this limit is 
roughly indicated'by the density of the shading. 

Near the posterior end of the body in these worms a third zooid 
or a series of short zooids (Child, T1 f) exists and the region of the 
boundary between it and the second zooid or its descendants is 
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Hg. 46 Diagram,, indicating levels of section, The two chief regi<.inK of fission 
arc indicated by stippling at a;.r and yy: the length of stipjiieil region iinlientes 
approximately the range of variation of the level of fis.sion in different aniinaU of 
the same size from the same stock and the deii.'^ily of shading indicates the fre- 
quency at diflferent levels. 
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indicated in figure 46 by the shaded area, the length of the area and 
the density of shading representing as before approximately the 
limits of variation of position and the frequency. In many cases 
among these worms the second zobid has undoubtedly divided 
into two, as the results of experiments indicate. 

In all cases the worms had been fed three times a week with 
beef-liver for at least two months before the experiments began. 
When the worms are fed as often as this only a comparatively 
small part of the stock reacts at any one feeding, the others not 
being sufficiently hungry. I have found by experience that there 
is no object to be gained by feeding stocks oftener than this when 
they are kept at a temperature of about 20°C. Hence I have 
called this maximal feeding. 

All worms used in the experiments, except where temperature 
was the experimental factor, were kept in the same room at a 
temperature ranging between 18° and 22°C. and in darkness. In 
all experiments the controls and the experimental lots were kept 
under conditions as nearly alike as possible, except for the one 
experimental factor. 

1. Cyanide and temperature experiments 

Series 432 I and II. November 28 to December 21, 1911. In 
this series the four pieces a-d, as indicated on the left side of figure 
46 were used. It will be seen from figure 46 that the pieces a, b 
and c include practically the whole length of the first zobid except 
the head, while tine piece d consists in large part of the anterior 
region of the second zobid. In consequence of the variation* of 
the level of fission the posterior end of piece c sometimes includes a 
small part of the second zobid, while at the other extreme d is 
mostly within the first zobid. In lots of fifty pieces, however, 
most of the c-pieces arc within the first zobid and most of the d- 
pieces are largely within the second zobid. If there is a difference 
in the dynamic conditions between the posterior region of the 
first and the anterior region of the second zobid it should appear 
betv/een pieces c and d. 

Lots of fifty each of a, c, d were placed in water at a tempera- 
ture of 18° to 22 °C. as a control and similar lots pf fifty each were 
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cut in water and placed in KCN^o iR- at the same temperature 
as soon as the cutting of the series was com|)lete(i. Each lot of 
both the control and the KCN was kept in a liter Erleniiu^yer 
{lask filled with liquid except for a small air-space at the top, 
and corked. The KCN solution was renewed every two days and 
for the sake of uniformity the water of the controls was also 
changed as the same time. The KCX-pieces remained in the 
cyanide from November 28 until December 11 and were then 
■ rinsed and placed in water. All pieces were examined December 
1 9 to 21. The results, so far as they concern the character of the 
anterior end, appear in table 5. /is the control in water, II the 

TABLE .> 


(•lECES 


NORMAL 


TERATOPll- 

THALMIC 


TKRATO' 
MORPH 1C 


ASOIOI- 

THALMIC 


HKAIX.KSS 


DKAD 


la ; 84 ' 16 

IJa G ■ "^4 

Ib ' 10 , 72 

lib 0 66 

10 28 

lie I ^ i 04 

Id ! 34 5S 

lid i 10 : S2 


0 

0 

0 

0 

10 

4 

6 

0 

0 

10 

S ' 

0 

14 

10 

20 

0 

2 

IS 

42 

0 

8 

10 

16 

0 

2 

4 

2 

0 

0 

2 

2 

4 


pieces in cyanide. The results are given in percentages which are 
in all cases exactly double the actual number of pieces. 

In the first place, the control pieces show the usual axial gradi- 
ent^described in the first paper of this series (Child, Tic). In 
/a 84 per cent are normal, 16 per cent terat ophthalmic, a total of 
100 per cent with eyes; in Ib only 10 per cent are nonnal and 72 
per cent teratophthalmic, a total of 82 per cent with eyes; in Ic 
10 per cent are normal, 28 per cent teratophthalmic and 2 per 
cent teratoiRorphic, a total of 40 per cent with eyes. The 10 
per cent of normal heads in I c represents those cases in vhich Ic 
contained a considerable portion of the second zooid. Pieces of 
this length which are entirely from the posterior region of the 
first zooid never produce normal heads under the conditions of 
this series. 
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The /(i-pieces, on the other hand, which are usually largely 
within the second zooid, show a marked increase in’ the capacit}- 
to produce eyes and normal heads. Here 34 per cent are normal. 
58 per cent terat ophthalmic and 2 per cent teratomorphic, a total 
of 94 per cent with eyes. The controls then show a decrease in the 
frequency of formation of eyes and heads in the posterior direction 
along the axis of the first zooid, while at the anterior end of the 
second zodid a marked increase in the frequency of eyes and heads 
appears. 

Comparing the KCN-pieces with these, we sec that in IIu 
only 6 per cent are normal as compared with 84 per cent in la, 
while 74 per cent are teratophthalmic and 10 per cent terato- 
morphic, as compared with 16 per cent in 7a. The remaining 10 
per cent of //a are anophthalmic or headless while none of la are 
of this character. Here then the effect of the KCN is a very great 
decrease in the regulatory capacity and particularly in the fre- 
quency of normal as compared with teratophthalmic heads. 

In lib no normal forms appear, 56 per cent areteratopl^thalmic 
and 14 per cent teratomorphic, a total of 70 per cent with eyes, the 
remaining 30 per cent being either anophthalmic or headless. 
This total, 70 per cent, is almost exactly the same as the total 
percentage of eyes, 72 per cent, in Ih, but in Ilh 14 per cent of 
this total are teratomorphic, moreover, lib shows 20 per cent of 
headless forms, as compared with 8 per cent in Ib. In short, the 
differences between the control and the KCN-lot in the 6-piccos 
are nowhere very great: any one of the differences alone would be 
within the limits of error, which, as I have determined by compar- 
ing parallel series, are from 10 per cent to 20 per cent, “being higher 
in the posterior than in the anterior pieces. Taken together, 
however, the figures in the different columns show beyond a 
doubt that the KCN decreases the regulatory capaeffy of the b- 
pieces, but they also show, when compared with the a-pieces, that 
the decrease is much less than in those. Apparently the KCN has 
less depressing effect on the regulation of the 5-pieces than on that 
of the a-pieces. 

In 11c 2 per cent normal appear as compared with .10 per cent 
in 7c: this difference by itself is not great enough to be regarded 
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important. But 64 per cent of He are teratophthahuie, as 
against 28 per cent in Ic and 8 per cent teratoiuorphie as against 
2 per cent in Ic. The total with eyes for //c is 74 per cent, for 
Ic only 40 per cent. On the other hand, only 26 jkm’ cent of lie 
are anophthahnic and headless, as against 60 ])er (UMit in h\ 

The effect of the KCN on the c-pieces is a very (n'ident increase 
in the regulatory capacity of the pieces. At first glance such a 
result seems paradoxical, but as a matter of fact it is characteristic, 
not only for KCN but for the anesthetics, wlien used in a certain 
way. A full discussion of the reasons for this result in the c- 
pieccs is postponed to a later paper. At ])resent it m'cd only be 
said that if the process of head-forniation in these ]heees w(‘re the 
restitution of a missing part, i.e., if it were in direct correlation 
with the processes in the other regions of the piec(\ su(‘h a. n'sult 
would be impossible. If, on the other hand, the formation of a 
new head in a headless piece represents the formation of a new 
individuals head first and a process which occurs in sj)ite of tin' 
other parts of the piece, then it becomes easy to understand how 
under certain conditions a depression of the piece sliould incix'ase 
the frequency of head-formation. The formation of The rnuv 
head in a headless piece of Planaria is a process of exactly this 
kind. The new head forms from cells wliich are involvcMi in the 
wound-reaction and whether a given piece shall form a lu'ad or 
not depends on whether the region concerned in wound-reaction 
becomes sufficiently dominant over other |)arts to he self-deter- 
mining and to be able to gro\v at their exj)ense. If tlu' refpiirtHl 
degree of dominance is attained a new head forms and reorganizes 
the piece in the antero-posterior direction. If the two n'gions 
remain more or less exactl}^ balanced the piece I'emains headless 
or anophthahnic and finally, if the old part remains tlie dominant 
component ^nd controls the new outgrowth a posterior end w'lW 
arise, irrespective of whether the cut surface is auteiloror posterior. 
In the present series this inverse’ or more properly differential 
effect of the KCN appears clearly only in the c-j)i(‘ces, while in 
the 6- and a-pieccs a direct depressing effect appears. As a mat- 
ter of fact, 4iowever, the two factors in the effect of the KCN, the 
direct and the differential, are always present and the actual result 
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in any given case depends on which of the two factors over- 
balances the other. In the a-pieces, for example, the differential 
effect does not play any important part in the total result; in the 
6-pieces the two factors are nearly balanced and in the c-pieces 
the differential effect overbalances the direct effect^ except in the 
normal column and the result is an apparent morphogenetic 
stiinulation by means of a depressing agent. It will be shown in 
later papers that the differences in the effect of the KCN at differ- 
ent levels of the body depend first upon the axial gradient and 
second upon the dynamic changes in the pieces following isolation. 

Turning now to the d-pieces, wo find in II d 10 per cent normal 
and 82 per cent teratophthalmic, a total of 92 per cent with eyes 
as against a total of 94 per cent with eyes in Id; but I Id shows 
only 10 per cent normal as compared with 34 per cent normal in 
Id, and 82 per cent teratophthalmic, as compared with 58 per cent 
in Id, The KCN has changed 24 per cent of the pieces from nor- 
mal to teratophthalmic. Here then the effect of the KCN is 
very similar to that in the a-pieces. The d-pieces form the ante- 
rior region of the second zooid and it is clear that they show a 
marked difference in their reaction to the KCN from the c-pieces 
which form the posterior region of the first zooid. In this series 
the remaining parts of the posterior zooids were not included. 

Series 419A 1 and 2.- November 2, 1911 to February 1, 1912. 
In this series the effects of different temperatures on regulation are 
compared. The worms were collected November 2, 1911, from 
spring water at 10° to 12°C. and after collection were kept in a 
refrigerator at 10° to 12°(k until December 23, when the pieces 
were cut. During this time the worms received maximal feed- 
ing, although in consequence of the low temperature their reaction 
to food was slight. 

On December 23 lots of fifty pieces each of a-d, as indicated on 
the left side of figure 46, w'ere cut in water at 10° to 12°C., but as 

2 This series as given here forms a part of a larger series on acclimatization lo 
difTcreni tempera lures and its physiological after-effects. The scries as a whole 
shows very clearly that worms which are ac{‘limated to different temperatures 
possess very different regulatory capacities at any given temperature. The 
results of this and other similar series give us some insight into the nature of the 
process of acclimatization. 
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^oon as cut were placed in water at room temperature, 18° to 22°C. 
•tiid allowed to regulate there. Similar lots of fifty pieces each ' 
were cut at 10° to 12°C. and then kept in water of the same tem- 
perature during regulation. The series is then a comparison of the 
character of regulation at two different temperatures of pieces of 
animals kept at the lower of the two temperat ures before operation. 

Table 6 gives the results in percentages: 11 1 a-d are the 
pieces which regulate at the higher temperature, 18° to 22°(\ and 
[12 a-e those which regulate at 10° to 12.° 

In 11 f regulation was complete in less than two weeks aiid the 


pieces 

were examined 

on 

January 7, 

1912: 

ill 11 2, 

on 
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hand, regulation was not completed before February 1. In this 
series, as in the KCN series, 432 above, the three pieces a, h and 
c are almost always within the first zooid while d almost always 
consists in large part of the anterior region of the second zodid. 

At both temperatures the characteristic axial gradient appears, 
as table 6 shows. The regulatory* capacity decreases from n to 
c and increases again in d. But comparison of the results at the 
two temperatures shows first that the pieces at the higher tempoi a- 
tiire possess a much greater regulatory capacity' than those at 
low temperature, and,second, that the effect of the temperature 
differs in pieces from different levels. In tiie o-picces 62 per cent 
are changed by the higher temperature from teratophthalmio to 
normal: in the b-pieces the difference is still greater, for at t e 
higher temperature 56 per cent are normal and 100 per cent form 
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eyes, while at the lower temperature none are normal and only 4ii 
•per cent form eyes at all. In the c-pieces the difference is even 
greater than in the 6-pioces: here 10 + 62 + 14, 86 per cent in 
all form eyes at the higher temperature and only 12 per cent are 
anophthalmic or headless, 2 per cent having died: at the lowci 
teihperature 14 2, 1(3 per cent form eyes, 80 per cent are anoph- 

thalmic or headless and 4 per cent have died. Aforeover, at the 
lower temperature no normal and only 14 per cent teratophthalmic 
forms appear, as compared with 10 per cent normal and 62 per 
cent, teratojdUhalmic at the higher temperature. 

In the d-pieces. however, the temperature effect is again much 
less. At the lower temperature 8 per cent arc normal, 64 per cent 
teratophthalmic and 14 per cent teratornorphic, a total of 86 per 
cent with eyes, while at the higher tem[)eriiture 78 per cent are 
niormal and 22 per cent teratophthalmic, a total of 100 per cent 
with eyes. This effect in the d-pieccs is very similar to that in the 
a-pieces, although somewhat greater. In the a-pieces the changes 
all lie between teratophthalmic and normal eyes and in the d- 
pieces this is true for 72 per cent, onl}" 28 per cent being shifted 
by the higher temperature froiii the teratornorphic, anophthalmic 
and headless columns to the teratophthalmic or normal. In the 
b-pieces, on the other hand. 54 per cent are shifted by the higher 
temperature from the anophthalmic and headless groups to the 
groups with eyes and in the c-pieces 68 per cent are shifted in the 
same way. 

It is evident from this series, as from the KCK series above that 
a givei; external factor produces very different effects at different 
levels of the body and that a marked difference in the reaction of 
the posterior region of the first and the anterior region of the sec- 
ond zodid to the factor concerned exists. In other words, the 
effect of a higher temperature in iuci’casing the regulatory capa- 
city of pieces of worms kept at low temperature before operation 
increases from the anterior to the j)osterio%end of the first zooid 
and is again mucli less in the anterior region of the second zooid. 
The reasons foi’ these differences will appear later: at present these 
data sein'e mereh^ as evidence for the existence of a dyDamic 
factor along the axis of the body, which shows not only a grada- 
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tioii Mithin the limits of a single zooid, but also a marked eliauge 
between the first and the second zodids. 

Many other series have been carried through with K(’X, with 
alcohol and with low temperature and in all the r('gi()u of the 
second zooid differs in its reaction to the experimental factor 
from the posterior region of the first zooid. 

2. Some ftirfher cyanide experimenfs: the relalion heliveen method 
and results 

It must not be supposed that a given expi^rimenlal factor always 
.produces the same results on animals or ])ieces whieli ar(‘ in the 
same physiological condition. The charaet ('r of the result dejamds 
to a large extent upon the method in which th(‘ experimental fac- 
tor is used'. Two series are preseTited to illustrate' tliis point.: 
in both the differences between first and second zooids appear, 
but they appear in a different way because th(‘ T\( is used difh'r- 
cntly in the two series. These series and numy otlic'rs ('ssentially 
similar to them constitute further evidence in support of the 
dynamic character of the axial factor. All tliat was said above 
(p. 136) concerning the size of the worms, their feeding, (*tc., 
applies to the two following seric's as well. 

Series 512 1 and III . AT arch 5 to 18, ltH2 . lu tliis ser'u^ K( 'X 
:.oooo acting during the first twenty-four hours after the pic'ces 
were cut, is the experimental factor usi'd. The whole leiigtli of 
the worms except the head was cut into six pi(*c(‘s as nearly as 
possible equal in length, as indicated on the right side of figure 46. 
Of these pieces a and h included most of th(' first zooid, while c 
consisted of the posterior region of the first and the anterior region 
of the second zooid and d, e and/ were parts of tlie posterior zooids, 
/ corresponding more or less closely to the most posterior zooid 
or the 'growing tip^ (Child, T1 f): each piece is then somewhat 
longer than the pieces in the two series of the preceding section 
and the c-pieces include parts of both the first and second zooids. 

Lots of fifty each of these six pieces were placed in water at 
room temperature as a control. Sitniiar lots, but of forty each 
instead of fifty — -the stock from which these worms were taken 
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contained no more worms of the proper size — were prepared as 
follows: the worms were cut in water at room Temperature and 
each piece as soon as cut was dropped into a liter Eilenmeyer 
flask full of KCN m. After all pieces were cut the solu- 
tion in the flasks was replaced by fresh of the same concentration 
and the flasks were corked. After twenty-four hours the pieces 
were rinsed and placed in water where they remained until regu- 
lation was complete. Table 7 gives the results in percentages, 
7a-7/ being the controls in water and the KCN lots. 

In the control the axial factor appears as usual in a and 6, but 
c shows only a slightly lower he^d and eye frequency than b, 
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instead of much lower as in series 432 and 419 in the preceding 
section. This is because in the present series the c-pieces include 
a part of the second zooids, while in series 432 and 419 they were 
almost wholly within the first zooid. 

The d- and c-pieces are almost exactly alike and show a much 
higher frequency of heads and eyes than the c-pieces.* The simil- 
arity of the d- and c-pieces probably indicates that each of them 
belongs to a different zooid for if d were the anterior and e the 
posterior region of the same zooid the axial gradient would appear. 

Probably then the regioh c, d, e as indicated on the right side of 
figure 46 consists of two zooids which have resulted from the phy- 
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biological division of one. And finally the /-pieces of the control 
iire 100 per cent normal, a much higher percentage than in d or 
e. Figure 46 shows that these pieces correspond approximately 
to the most posterior zooid or series of short zooids and their 
peculiar regulatory capacity is due to this fact. 

In the KCN pieces Ilia shows a slight decrease in normal forins 
as compared with la, and Illh shows a much greater dec]*('aso in 
head frequency as compared with Ib. In c, d, e and /, on the 
other hand, the KCN has practically no efYect on the character of 
the regulation, i.e., the posterior zooids are clearly distinguishable 
from the posterior region of the anterior zooid by the difference 
ill their reaction to the KCN. 

Series 494 1 and 11. February 15 to March 3, 1912. Here, ;is in 
the preceding series, the body is cut into six f)iec(‘s of equal Icngtli 
luid regulation in water is compared with regulation in KCN 
but the KCN is used in a different way. The worms for the KCN 
lots were placed in KCN 2 00000 o mfor three to five minutes before 
being cut into pieces, the pieces were then cut in the same solution 
and were placed at once in flasks which also contained KCN of the 
same concentration: after forty-eight hours they were rinsed and 
returned to water where they remained until regulation was com- 
pleted. Lots of fift\^ pieces each were used. The controls con- 
sisted of lots of fifty each in water at the same tempoi’ature. 
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Table 8 gives the percentages. la-If are the controls and Ila- 
Ilf the KCN-pieces. 

A comparison of the controls in table 8 with those of table 7 
(p. 144) gives some idea of the degree of uniformity of the results 
in parallel series. The worms for the two series were taken from 
the same stock about two weeks apart. A comparison of the two 
tables shows that the percentages are almost the same in both in 
the pieces a, h, e and f, while pieces c and d show differences of 
about 25 per cent in the two tables. These differences in c and 
d are correlated with the presence of the second zooid. Slight 
differences in the levels of the cuts in relation to the boundaries 
of the zooids account for all such differences. If my series con- 
sisted of much larger numbers of pieces these differences would be 
much less, but it is impossible to take two sets of fifty worms 
each, of approximately the same length and cut them into six 
pieces so that the levels of the cuts shall stand in the same mean 
relation to the boundaries of the zooids in each set. The similar- 
ity of the other percentages in the controls shows, however, the 
value of the method in regions 'where an invisible and uncon- 
trollable factor is not involved. 

In the present series the effect of the KCN on the character of 
regulation is different in certain respects from that in series 512 
above. In /7a a slight decrease in the frequency of normal forms 
appears, as compared with the control la. The /75-pieces show 
a slight increase in regulatory capacity over Ib and the pieces 
lie, Ildy He show a great increase over the controls. In the /- 
pieces the influence of KCN does not appear at all in the character 
of regulation, though of course the rate in /// is much less than 
that in If. No increase is possible here since the contro^hows 
100 per cent of normal forms, so that all that we can s* con- 
cerning the effect of th« KCN on these pieces is that it does not 
decrease their regulatory capacity. In all probability its phy- 
siological effect is similar to that on the d- and e-picces, but does 
not appear morphologically. 

This series affords a good contrast with the preceding. Here 
the whole worms were placed in KCN before cutting, were cut in 
KCN and remained in KCN forty-eight hours : here the effect of 
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the KCN on regulation in the first zooid is vor>^ slight and in the 
posterior zooids the KCN increases the regulatory ca])acity ex- 
cept in the Ilf pieces, where no morphological ellect ajipears. In 
series 512 the pieces were placed in KCN of higlier concentration 
as soon as cut and remained there for twenty-four hours. In 
tliis series the effect of the KCN is a decrease in the regulatory 
capacity in the first zodid and no change at all in posterior 
zodids. In general the effect of the KCN is different in tla^ t wo 
cases but the anterior and posterior zooids are clearly distinguish- 
able in both by the difference in their dynamic coiulitiou. Tlu^ 
question as to why the different use of KCN gives such diffiu’cut 
results will be considered elsewhere. 

Such' series as these suffice to distinguish the anterior zooid 
from the group of posterior zooids, but they do not give any exact 
information as to the number of posterior zodids or the position 
of their boundaries. To obtain more definite results along thi^ 
line it is necessary to cut the region of tlie posterior zodids into 
much' shorter pieces: when this is done differences similar to 
those between the first and second zodid in the above siu’ies though 
less marked, appear between the other zooids composing the pos- 
terior region: the anterior region of any zodid is in a different 
condition from its posterior region and from [)ost(M’ior rt'gion 
of the zooid anterior to it. The only difficulty in th(' way of such 
experiments is the variation in level of the boundarii's betwiaai 
zooids in different individuals. If for example, w(' cut th(' post- 
pharyngeal regions of fifty worms IS nim. in IcMigth into t(ui 
pieces each and record the results for each lot of corresponding 
pieces, we obtain only vague indications of the levels of the difier- 
ent zodids because of the variations in level in diflercMit individ- 
uals. *If, on the other hand, we isolate each of the ten fiii'ces from 
each worm and record results we shall find that they are much 
more definite for each individual and the variation in different 
individuals becomes apparent. 

in. DISCUSSION 

The experiments described above indicate that the processes 
concerned in morphogenesis, or at least some of them, differ in 
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certain respects at different levels of the body._ The axiaHactor 
appears, not only in the regulatory development of the different 
organs of the single piece but in the regulation of pieces from differ- 
ent levels of the body. 

In any single piece of Planaria which forms a new whole we can 
see that under natural conditions the regulatory development 
of the new posterior end— not merely the regeneration in the 
stricter sense but the whole development— is a slower process 
than the development of the head. Under conditions which 
decrease metabolism this difference becomes beyond a certaiti 
point not merely a difference in rate but a difference in capacity. 
Instead of forming a tail more slowly than ^ head the piece now, 
forms no tail at all, but may still give rise to a head. K similar 
relation exists between head-formation and pharynx-formation 
ai^d it has been shown above that the development of a posterior 
end may be largely or wholly irdiibited without entirely preventing 
the formation of the pharynx. In every case the effect of the 
depressing factor on regulatory morphogenesis in a piece from a 
single zodid increases posteriorly along the axis. 

Moreover, the experimental data indicate as far as they go 
that this axial factor is essentially quantitative rather than quali- 
tative. The rate of the dynamic processes or certain of them 
evidently decreases from the anterior end posteriorly along the 
axis and the apparent qualitative differences under experimental 
conditions are due merely to the fact that under these conditions 
the rate of reaction becomes so low that little or no morpholog- 
ical effect is produced. In other words, the evidence thus far 
points to the existence of an axial gradient in rate of reaction as 
the fundamental feature rather than a gradation of subsju-nces, 
such as Morgan and other es have assumed to exist. It *prob- 
ablc that such a gradient can and does produce secondarily a 
localization of different substances or of different quantitative 
relations in a complex of substances at different levels along the 
axis. 

The evidence for the existence of an axial gradient in rate of 
reaction presented in this paper is based on visible morphological 
features. In the following paper another line of evidence will 
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he presented which has to do with the physiological resistance of 
clitterent levels of the body to certain agents and tlie relation 
between this resistance and the rate of reaction. 4\’'e sliajl se(^ 
that the axial gradient of resistance to anesthetics, K( ’X, etc., is 
similar to that of regulatory morphogenesis. In both cases th(‘ 
same processes are involved: in tlie one case wc examine the mor- 
phological records of the processes, in the other we coin])are the 
processes and the results of the two methods eoiifiian cxicli other. 

The experiments recorded in Section V show, howc'vca*, that 
the axial gradient changes more or less abniptly betw(Mm the 
posterior end of the first and the anterior end of the second zofod. 
As a matter of fact each zooid possesses a gradient of itA own. 
though in the posterior zooid where the development, is not ad- 
vanced the individual gradients are much less sharply distingnish- 
able from each other than in the case of the first and second zobids. 

As regards the different effects of the KCN in the three series, 
nos. 432, 512 and 494 gi^en in the tables in Section C, it is im- 
possible to go into details until further data concerning the natun' 
of the axial gradient and the dynamics of r('gulation are presorted. 
It may be said, however, that all these differences are readily 
interpreted on the basis of the following facts which, as will b(' 
shown, are all well established : first, the axial gradient is a gi’adient 
in the rate of the dynamic processes and primarily of the oxida- 
tions, and the head region is dominant because it is the region of 
highest rate. Second, the physical isolation of a part increases 
temporarily its rate of reaction in direct proportion to the degree 
of its subordination to more anterior regions, in other words, the 
direct effect of isolation in accelerating the rate of reaction in a 
piece mcreases with increasing distance from th(^ original head 
regio* This holds only within the limits of a single zooid : the 
anterior region of each zooid is one in which physical isolation 
produces little or no acceleration of the rate of reaction and this is 
so because these regions are relatively independent of others, i.e., 
are dominant. Third, the formation of a nc\v head in a headless 
piece is not in any sense a restitution of a missing part, but the 
formation of a new individual head first. The new head forms 
from the cells which are directly affected by the wound and the 
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absence of other cells anterior to them ; whether a head shall form 
or not depends on whether the reaction in these cells proceeds 
far enough so that it becomes the controlling factor in the piece. 
If it becomes dominant to a sufficient degree a new head forms and 
the new hedd region determines the reorganization of other parts 
from the anterior end backward: if it does not become dominant 
a head does not arise. In the formation of a new head then 
relation between two factors which are in a sense opposed to each 
other is involved. This relation differs in different regions of 
the body in consequence of the preexisting axial gradient and the 
stimulating effect of isolation, moreover, it can be altered in vari- 
ous ways by the use of reagents and other external factors. Under 
certain conditions or in certain regions of the body depressing 
agents like KCN act as apparent morphogenetic stimuli simply 
because they alter the relations between the two opposed reaction- 
complexes of the piece in favor of the reaction-complex which 
leads to head-formation. In certain other regions or under other 
conditions they alter the relations in the opposite direction and 
so decrease the frequency of head-formation and consequently 
the capacity of the piece for regulation. 

If these two opposed factors exist, as they undoubtedly do. 
then the regulatory capacity of a piece is not definitely and finally 
determined by its position in the original body, its relation to the 
axial gradient or its 'organization/ but by the relation of the two 
opposed factors to each other and it has been shown above that 
this relation can be altered experimentally. 

It is true, however, that under constant conditions the relation 
of these two factors to each other is determined within certain 
limits of variation by the position of the piece within the body, 
but 'position’ in this connection means essentially its relation to 
the dominant region, i.e., its position in the axial gradient, rather 
than a certain 'organization.’ Since this is the case the regula- 
tory capacity of pieces taken in sequence along the axis of the 
animal shows a gradient which is related to the axial gradient in 
the intact animal but is not necessarily a direct and simple expres- 
sion of it. The fact that the regulatory capacity of pieces is not 
fixedly determined, but can be altered experimentally^’in either 
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this capacity and the axial gradient is not sinijile but complex. 

The possibility of altering and controlling experimentally the 
regulatory capacity of pieces, not only as regards rate and size 
of parts but also as regards the presence or absence of their most 
important morphological characteristics, the head, the eyes, the 
aiy'icles, the pharynx and the posterior end points to a ])r()niising 
field of investigation. Moreover, since the ex]nn-imental factors 
which accomplish these results are such as influence the dynamic 
processes in the pieces and since in my own experiments it is 
known that their effect is primarily quantitative, it is mt too mmdi 
to say that these experiments throw some liglit on tlic )irol)kMu of 
the dynamics of morphogenesis and inheritance. .Vnd finally it 
is evident that wc must interpret regulatory phenomena in \erms 
of djmamic processes rather than in terms of morphology. 

,IV. SUMMARY 

1, When pieces of a single zoind of Plauaria dorotocephahi 
undergo regulation in dilute anesthetics (alcohol, (Uher, chloriu 
tone) the degree of retardation or iiihilhtioii of morphogiMiesis 
increases posteriorly along the axis of the pi(K‘e. The formation 
of a head may occur under conditions which iiihil)it all otlu'r regu- 
latory processes and the head and pharynx may form under con- 
ditions which inhibit the formation of tlie |>osterior end. 

2. Very dilute solutions of KCiN give results similar in general 
character to those obtahied with alcohol, etc., but more striking 
in that the axial factor appears more clearly. 

3, Experiments at different temperatures also show the exist- 
ence of the axial factor, though less clearly than the anesthetics 
and KCN. Starvation and the presence of metabolic products 
of Planaria in the water likewise give essentially similar results. 

4. The axial gradient also appears in the different effects of 
KCN and other depressing agents upon the process of head-for- 
mation at different level! of the body. The effect of the depress- 
ing agent is not only different in degree at different levels but 
under certain conditions may be different in direction Cyanide, 
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for example, may either decreasse or increase the regulatory capac- 
it}' of pieces according to the region of the body concerned and the 
method in which it is used. These opposite effects of the same 
reagent used in the same concentration are due to the fact that 
the process of head -formation in any given piece is the resultant 
of two opposed factors and the cyanide or other depressing agent 
i||^y alter the relation between these two factors in either directi(^. 

5. The axial gradient is not continuous and \iniform from one 
zobid to another, but each zobid possesses an axial gradient of its 
own. The regulation of pieces in dilute KCN or other depressing 
agents shows that the anterior region of the second zobid is in a 
different dynamic condition from the posterior en'd of the first. 
In general the same is true for any two zobids, but in the poste- 
rior zobids which are only slightly developed, the differences be- 
tween the posterior end of one and the anterior end of another are 
often slight. 
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F\TP01)F(T1()N 

During' tlie cuurse of an itiN’estigation into tlie inheritaace of 
fecundity in the domestic fowl, which has now involved thirteen 
generations and sevei'al thousand individuals, and has occupied 
the major portion of the writer's time during the past five years, 
two definite and (‘lear-cut results have come to light. % The.^c 
art^ : 

Fit\si: tliat tlie record of egg prodiudion or fecundit}’' of a hen 
is not of itself a criterion of any value whatsoever from which tt) 
predict the probable (.^gg production of her female progeny. An 
analysis of the I'ccords of production of large numbers of birds 
shows beyond any possibility of doubt that, in general, there is no 
correlation between the egg production of individuals and either 
their ancestors or theii* lu'ogeny. 

Second: that, notwithstanding the fact just mentioned, fecun- 
dity is, ill some mai ner or other, inherited in the domestic^ fowl. 
This must clearly ])e so, to mention but a single reason, because it 
has been possible to isolate and propagate from a mixed flock 

- For u coiijplete list tuilulcof llir publicutioiis, in which the results of theinve.^- 
tigntion referred to have appeared, see the bibliagrui)hy at the end of this paper. 
Throughout this iKi[)er numlnu-.s iu pareiiliieses refer to titles in the bibliography. 
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■ podi^rG^^ liiiGS or strains of birds which brood true, i^oiioratiou 
after generation, to definite dogroos of fecundity. Some of those 
linos breed true to a hi|jh condiliou or degree of the character 
K'cundity; others to a low state or degree of lids character. 

Definite as these results are they give no (‘iiio a> lo how focumh 
dity is inherited; what the mechanisin is. Plal(^ \ \',\] has naanitly 
Miid: "'Das Ziel der Erblichkoitsforsclmiig muss di(‘ Aufst(‘lhing 
von ‘Erbformelrd fiir alio untersuchtou Alei’kmak^ sein." This 
expresses the case precisely. To dotei-miiu' du' ‘ IhTl'ormoln' of 
fowls with respect to fecundity has been tlie goal towards which 
every part of the present investigation has Iuhui direct (al and 
urged. It is believed that a first approximation to Ibr solulitui 
of the problem has now been reached. \Vldh‘ tluM'c rcanaiu ob- 
scure points still tobeclearedup,yct the results iiowiiihand a]»p('ar 
(0 indicate pretty clearly the general cliaracpa- of tiu' UKH'hanism 
of the inheritance of fecundity, and to show wliat liic's furtlun- 
investigation of the problem may most profitably talu'. It is tin ^ 
j)urpose of this paper to present an accouiil of tlu' {-('suits uk'u- 
tioned. In doing this it will be iiecessaiw to bi-ing forward evi- 
(kmce of several distinct soj-ts, anatomical and plnsiological as 
well as genetic. Only by approaching this piobh'in of the inlua-- 
itaiice fecundity from all angles has it been possible to gain that 
understanding of the character itself which, in this instances 
certainly, is absolutely essential to a correct iiit('i'pretation of 
any results respecting its inheritance. 

IUOr/)GT(;AL AX.VLVSIS OF TilK ( 'IIA RAOTKlt MUM XDITV 

At the outstart it will be well to understand ('k'arly wbal is 
ineant by the term fecundity as liere used. In a formc'r ])aper 
134] the terms Tecundity’ and ‘fertility’ were defiiKMl as follows, 
and have been used as there defined throughoui tlu' coursc'.of 
tlic investigation. 

would suggest that tlu' term 'f('(‘un(lity' l)c us(hI only to do^igiiatf' 
iiH' innate potential reproductive capac-ity of the individual organism, 
denoted by its al)ility to form and scp!irat(' from tlu' body matun^ 
germ cells. *F('eundity in the humde will (k'^Hucl upon the production 
ova and in the male upon the production of sj)eritiatozoa. fn mam- 
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mals it will obviously be very difficulty if not impossible, to get reliable 
quantitative' data regarding pure fecundity. On the other hand we 
would suggest that the term ‘fertility’ V)e used to designate the tot^al 
actual reproductive caj>acity of pairs of organisms, male and female, a> 
cxpr(‘ssed by their ability when mated together to produce (i.e., bring 
to birth) individual offspring. Fertility, according to this view, depends 
upon and inchuh's fecundity, but also a great number of other factors in 
addition. Clearly it is f(‘rt,ility ratlu^r than fecundity which is measured 
in statistics of Vurth of mammals. 

Taking fecundity as above defined it is obviously a character 
depending u])on the interaction of so.veral factors. In the first 
place the number of ova separated from the body by a hen must 
depend, in part at least, upon an anatomical basis, namely, the 
number of ova present in the* ovary and available for discharge. 
Further there must be involved a series of physiological factors. 
The mere presence of an anatomically formal reproductive sys- 
tem, including a no]“mal o\*ary with a full complement, of ova, and 
a normal oviduct, is not enough to ii\sure that a hen shall lay 
eggs, that is, exb.ibit actual as well as potential fecundity. While 
com^^arati^^ely XQvy rare, cases do oecur in which a bird possesses 
a perfect ovary and perfect oviduct and is in all other respects 
entirely normal and healthy, yet never lays even a single egg in 
her life lime, 8ueh cases as these prove (a) that what we may call 
the anatomical factor is not alone sufficient to insure thafpoteii- 
.tial fecundity shall become actual, and (b) that the anatomical 
and physiological factors arc distinct, in the sense that the normal 
existence of one in an ijidividual does not necessarily imply the 
co-existence of the other in the same indi^udiial. 

A case of this kind is found in hen no. S051 hatched March 21), 
1909, and killed for autopsy record August 24, 1911. This bird 
had the secondary sexual characters of the female perfectly 
developed, and was entire!}" normal in other respects (body 
weight, 2366 grams). Thisbii’d never laid an egg during its life. 
The ovary was normal (fig. 1) and was of about the size proper to 
a fully deveioi^ed inillet just reaching the point of beginning to 
dei)osit yolk rapidly in certain oocytes in preparation for laying. 
While counts were not made this ovary appeared to carry a nor- 
mal number of oocytes. In general it was anatomically normal, 
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Imt physiologically in the state of (levelopinent aiijiropriate to a. 
Hvo or six months old pullet just about to lay. Tlu‘ same was tVia^ 
,.f the oviduct.. In thisicase the physiological factiu' orfac'iors 
necessary to the bringing about of ovulation were siin})ly tolally 
lacking, in an otherwise perfectly nonual bird. 

Some other cases demonstrating the same tiling in ighl lx mated 
tiom our records, but this will sullice for ]iresent ])uri)oses. 

Turning now to the physiological factors iiu olved in fecanulity 
it would appear that there arc at least tw'o such factors ov groups 



Fig. 1 Photograph (about twice natural size) of ovary of Ixui no. SOol. Note 
the presence of a large number of oocytes; none of which is enlarging in preparation 
for laying. See text for further explanation. 


of^factors. The first of these may be desiguated as tlicTiormal 
ovulaiioiT factor. By this is meant the complex of ph^'siological 
conditions which taken together determine the laying of about 
such a number of eggs as represents the normal reproductive 
actmty of the wild Gallus banldva. Under conditions ofTlomes- 
tication the activity of this nuiinal ovulation factor will mean the 
production of more eggs than under wild conditions. Continued 
egg production, involves certain definite and rather severe meta- 
bolic demands, which under wild conditions will not ahvays, or 
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even often be met. Further, as has been especially emphasized by 
Herrick (18, 19, and other papers), egg laying -in wild birds is 
simply one phase of a cyclical process. « If the cycle is not dis- 
turbed in any way the egg production is simply the minimum 
required for the perpetuation of the race. If, however, the cycle 
is disturbed, as for example, by the eggs being removed from the 
nest as fast as they are laid, a very considerable increase in the 
total number of eggs produced will result. This, of course, is 
what ha]:)pens under domestic a tioii. What an effect in increas- 
ing the actual expressed fecundity of a wild bird the simple re- 
moval of eggs as fast as they are laid. may have, may be illustrated 
by three cases from the literature. Austin (1) shows that whereas 
the wild Mallard duck in a state of nature lays only 12 to 18 eggs 
in the year, it will lay from 80 to 100 if they are removed as fast 
as laid and the bird is kept confined in a pen at night. Hanke 
(16) by regularly removing the eggs got 48 in succession from a 
common wryneck (In>Tc torquilla^). Wenzel (53) in the same 
way brought a house sparrow \s productivity up to 51 eggs. 

With the domesticated Galliis the ‘nonnal ovulation' factor 
may be taken as inducing a production of anything up to from 
forty to eight}^ eggs in a year, this production being spread over 
the perir)d of from soinetime in February to September ' ot’ Octo- 
ber. In this physiological complex are involved the elaboration 
and deposition of yolks, the rapid growth of a few oocytes just 
preceding ovulation, ovulation itself, the activation of the oviduct, 
etc. The details {)f some of the processes involved have been 
described elsewhere (cf. Rubaschkin (44), Sonnenbrodt (48), 
Pearl and (Airtis (33) and Pearl and Surface (37)) and do not 
concern us here. The essential point to be noted is (hat in t^is 
normal OAmlation factor we are dealing with the basic physiological 
processes of normal Aminiproved’ laying. To make a normal lay- 
ing hen it is necessary to ha\^e present both the anatomical basis 

* I litis scientilic naino witli imich liesitatioii, not knowing what pranks thr 
rule of priority or other noin(.nK‘latorial disturbers of the peace may have played 
with it in rocont years. In any event the common name will quite sufficiently 
indicate what bird it is that is here under discussion. 
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,li<cussed above and the physiological basis, ^Yhi(•h has been 
designated the normal ovulation factor. 

It is a fact well known to poultrpiien, and one capable of easy 
ubservation and confirmation, that different breeds and strains 
,if poultry differ wdely in their laying capacity. In saying 
(his the writer would not be understood to affirm that a thdinite 
degree of fecundity is a fixed and unalterable cliaract eristic nf any 
particular breed. The history of breeds shoAVs vei-y clearly that 
certain breeds now notably poor in laying (pialities were unce 
particularly good. One of the best examples of this is the Polish 
fowl. But, in spite of this, inheritable breed and s( i-aiii diiTereu(*es 
ill fecundity exist, and probably always have existed. Such 
inheritable differences arc independent of feeding or any other 
environmental factors. Thus the strain of ( Virnish Indian (lames 
with which I have w^orked are ])()or lay(M's. regaidk'ss of liow tliey 
are fed or handled. This is merely a statement of partieulai' 
fact; it does not imply that there may not (‘xist other sti^ains of 
('ornish Indian Games that arc good layei-s. 

The difference between this strain of Goniisli Indian (lanKs 
and Barred Plymouth Rocks, when kept under the same condi- 
tions and managed in the same way, is shown in tables 1 and 2 , 
which give the frequency distributions and constants rr‘sj)ee1ive1v, 
for flocks of these breeds kept at the Maine Station. The birds 
included in table 1 were all pullets, hatched at aiiproxiinattdy tlu' 
sanie-time, and reared, housed, fed and cared for in all respects 
similarly. The Plymouth Rock distribution inelmles l)ir(ls of 
both high and low fecundity strahis. The low ])ro{lu(‘ing 
birds lower the mean in what is really an untaii- manner, s() far 
as concerns breed comparisons. The point is that, in the wt)rk of 
the Station, low-producing lines ha\'e been ]:)ro])agated for (experi- 
mental purposes to a much greater extent than would b(' the 
ease in purely random breeding of th(^ Maine Station’s stock, 
the Barred Pl>Tnouth Rock breed. To mak(‘ a ])erf(‘etly ju>st 
comparison behveen Cornish Indian Games and Barred Rocks, 
the strains of the latter deliberately bred foi“ low egg production 
should be excluded. It has, however, in the presmit case been 
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TABLE 1 

Frequency dUirihutinn of winter egg production of the Barred Plymouth Rock aftil 
Co r n i'.s h I nd ian Gayne bree ds 


ilAltftKI) I'LVMr>rTiI ROCKS LAYINO THK 

I.AII) IN THi; Sl'KCIl tKI) M’MllKIl OK KfJliS 

' SY! VTK.U PKIiKM) 

COHMHH ISUIA.V GAMES LAYING ^THE 
SPECIFIED NUMRF.R OP EGOS 

Alisnkl 

to RllJt 

liter Per cent of flock 

.\0soiijle number 

Per cent of flock 

0-5 

43 

14.4 

32 

. 48.5 

(Fll 

22 

7.4 

8 . 

12.1 

12-17 

2,s 

. 9 4 

9 

13 C 

IS 20 

19 

0 3 

0 

9 1 

21-20 

25 

8 4 

7 

10.6 

35 

20 

8.7 

1 

1.5 

3(i 41 

19 

0,4 

3 

4 5 

42^7 

27 

9 0 



48-53 

10 

5.4 



54-50 

21 

7 0 



Gi0-G5 

11 

4 7 



GO-71 

10 

3,3 



72-77 

9 

3.0 



78-83 

3 

1.0 



84-80 

lK)-95 

0 

1 .0 



90- 101 

8 

2.0 



102-107 

0 




lOS-1 13 

1 

1,3 



114 119 


0.7 



Total 

299 

100,0 • 

06 

09,9 



TABI.E 2 



Coust(nif.^ for rarialion ifi winter egg production c 

i/ the Barred Plymouth Rock and 


Cornitih Indian Game breeds 


BRLKD 


MEAN’ 

STANDARD 
• DEVIATION 

COEFFICIENT OF 
VARIATION 



ei/i/j 

i eggs 

per eetit 

Barred Plyniouth Hock 


. 30,35 =^1,04 

26,69 ± 0.74 

73,42 ±2.92 

Cornish Indian Gainc,, 


11.04 ± 0.88 

10.61 0.62 

91.15 ± 8.Z3 

Differences 


... +24.71 ± 1.30 

+ 16.08 ± 0.97 

-17,73 ± 9.21 

Barred Plynmnth Hock 





All High Lines in l!K)S-09k 

54.10 



All High Lines in 1909-lOh 

. . 47,57 



All High Lines in 1910 IF. 

50 . 58 




'■ Figures taken from Pearl (2S). 
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.leeiaed best to take the whole flock of Bairod Rock pullets for 
flic laying year 1910-11, without any selection. The comparison 
is sufficiently striking even on this basis. 

From tables 1 and 2 it will be nolcni that: 

1, The mean winter production of th(‘ Cornish Indian (lames 
is less than one-third that of the general flo(‘k of Barred Plymouth 
Rocks, under uniform environmental eonditions. 

2, The winter production of the (lames is consid(M-ably less 
than a fourth of that of the high ])rodueiug liiu^s of the Ihtrn'd 
Rocks. 

3, The variabilities in both eases are high, but relatively not 
significantly different. It is of interest to note that tlu‘ obsfM’ved 
coefficients of variation for winter product ion her(‘ gi\aMi are of 
the same order of magnitude as the mean {‘oeflieients for the lay- 
w of the four win^ter months, Xovembor, December, January 
and February. Taking the mean of llie eoeflicieuts of variation 
for these four months as given by Pearl and Surfa(‘e (df, tal)le 5, 
p. 90) w^ get 95.15. 

The inferiority in egg production of the Cornish Indian (Values 
is most strikingly shown by the integral curves from table 1. 
In table 3 the integral curves are givei\ (in inversed form) for the 
winter production of Barred Rock and Pornish fowls. 

The data of table 3 are shown graphically in figui-(' 2. 

This diagram is to be read in the following manneia The 
percentages of the. flock laying a specified number of eggs are 
plotted on the abseissal axis. The different egg ])ro(hictious are 
plotted as ordinates. From the diagram it appeal's (for example) 
that whereas 47 out ol' e^'ery 100 birds in the Barred Rock flock 
*pach produced 35 or more eggs in the winter ])eriod, only 4 and a 
fraction birds out of every 100 in the Pornish Indian (lame flock 
\vere able to produce as many eggs as this — 3o- -in the same period. 

Now in individuals which are high layers, and have this (fliarac- 
teristic in hereditary form, there must be iin'olved some lurther 
physiological factor in addition to the normal ovulation factor 
already discussed. An analysis of extensive statistics' has shown 
(36, 37) .that high fecundity represents essentially an addition of 
two definite seasonal, laying cycles to the basic, normal reproduc- 
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TABLE 3 

,^h(f)/;in(j the percentage of the n'hole flock producing in the tvinter period more thdu 
r.eriain npecified numbers (f eggs, in the case (a) of Barretj^ Plymonth Rocks and 
(h) of ('ornish Indiffn GamcH * 


fi or more 

S.5 . (i 

.51. 5 

12 or more et;g.s 

78.2 

39.4 

IS or more eggs 

08.8 

25.8 

24 or more cgg.s 

02. r> 

16.7 

:i^or more eggs 

.54 . 1 

6.1 

Sfi or more egg.s 

45,4 

4.6 

42 or more eggs 

80 0 

0 

4S or more eggs 

;^,o 

0 

,54 or more eggs 

24 1; 

0 

00 or more eggs 

17.0 

0 

(i(i or more eggs 

12 0 

0 

72 or more eggs 

0,0 

0 

7S or more eggs 

0.0 

0 

84 or more eggs 

.5,0 

0 

IK) or more eggs 

4,0 

0 

00 or ^lore eggs 

2.0 

0 

102 or more eggs 

2.0 

0 

lOS or more eggs 

0 7 

0 

1 14 or irion^ eggs 

0 7 

0 

120 or m<ire eggs 

0 

0 


tion {^yele. Those added periods of productivity are what may be 
called (cf. 37, 28, 30) the winter cycle and the summer cycle. 
The winter cycle is the more important of these. It is the best 
practical measure of relative fecundity which we have and has 
been used as the chief urut of fecundity in Uiese studies. It con- 
stitutes a distinct and definite entity in fecundity curves. The 
existence of this added fecundity, in high laying birds must de- 
pend upon some additional physiological factor or mechanism 
besides that wluch suffices for the normal reproductive egg pro- 
duction. Given the basic anatomical and physiological factors 
the bird only lays a large number of eggs if an additional factor 
is present. 

As to the nature of this physiological mechanism we can onh' 
speculate. It probably involves fundamentally such matters as 
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more perfect metabolism, including the distribution of substance 
^nd energy to ttie ovary, on which very heavy demands are laid in 
a high' fecundity record. Immediately it involves a control of 
the process by whi(‘h the supply of oocytes on the ovary in the 
final stages of rapid gi*owth by yolk deposition is kept at a rehi- 
lively high level for long periods of time. Sonnenbrodt’s (48 i 
work suggests that the interstitial cells of the ovary may he 
connected with the process. Thus he says (loc. cit,, p. 421): 
“Bei alteron Iluhncni findet man die Zwischenzellen immer 
noch, und liesonders in der Xahe dcr Gcfasse. Sie liegen heir 
gruppen-und nesterweise zwischen den Follikeln imd vor alien) 
auch in den Slielen der gnmo'cn Follikel,^ immer dort, wo beson- 
ders starke Blutzufuhr gtinstigc Ernahrungsbedingungen bi^tet." 

It is (}iiit(‘ concei\aible that the presence of numerous inter- 
stitial cells on the stalks of the follicles of rapidly growing oocytes 
is a cause of the rapid growth rather than an effect, as Sonnen- 
brodt suggests. The whole subject of the intimate physiology 
of the ovary needs more study. 

' A\1iatever the precise nature of the factor under discussion, which 
is a matter for future investigation, the main points which appear 
clear at present are that: (a) high fecundity represents a defi- 
nite addition to the nonnal egg production sufficient in amount for 
purposes of reproduction. This added fecundity has been shown 
(cf. 2y 30) to be definitely inherited in edrtain cases at least and 
may-be regarded as de])endent on or determined T)y some physio- 
logical factor or complex of factors not present in birds which 
exhibit a low degree of fecunSity.^ This physiological complex 
may be designated as the 'excess production] factor in fecundity. 

We may next consider in greater detail these factors influencing 
fecundity, taking first 

hly italics,~R. P. 

^ ThrouKliout thiri discussion it is presiiiiie<l thut tlio reader will understand with- 
out repe<ated speeilie sfatemeiits that attention was paid to environmental factors 
in the experimental work. That is, when the statement is made that one bird or 
set of birds exhibits hifjh fecundity and anotl^r low fecundity it is to be understood 
that both sets were hatche<l, reared, fed aiul cared for in all respects in as nearly 
precisely the same way tts is possible, considering that fowls are, in some degree, 
free agents and cannot be absolutely controlled. The extent both in time and 
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The anatomical basis of fccunditji 

*Sinc^; as already pointed out, egg ]n’ 0 (liietion obviously de]ieiuis 
in i-iart upon the presence of ova in a nornuil ovaiy. a (piestion 
which demands consideration is the following: 

To what extent arc observed variations in fecundity u.o.. in 
the number of eggs hiid) to be referred to anatoinii'al differences? 
In other words, does the ovary of a liigh ])roducing lieu, with 
for example, a winter record of from 75 to llo eggs, contain a 
larger number of oocytes than does tlie (nniry of a lum which is a 
poor producer, laying no eggs in the winter period and ])erhaps 
but 10 or 15 eggs in the year? 

To get light upon this question the obser\ ations to be describiHl 
have been made. The object was to arrive at a.s accui’ate a 
relative judgment as possible regarding the ninu])er of oiicytes 
in the ovaries of different individual birds. It is, of course, 
impossible practically to deteriniue accurately the total absolute 
number of oocytes in the ovary. Wliat (‘an be done, is to count 
the number of oocytes which are visible to th(' unaided •eve. 
While such results do not tell us, nor enable us to estimate with 
g?-eat accuracy, the total number of o()cyt(‘s in ovary, tliey do 
nevertheless throw intere.sting and useful light on tlu' (pK'stioii 
raised above. 

The counts of the visible oocytes for a number of birds a.n* u;iven 
in table 4. These counts were mudv. at my siiggc'stion by my 
assistant, Miss Maynie E. Curtis, to whose painstaking care and 
skill in carrying through the tedious business of counting it is a 
pleasure to acknowledge gratefully my indebtedness. Ih-of. W . 
F. Schoppe of the University of Maine is carrying this work for- 
ward and later we hope to be able to publisli moi'e extensive data. 

space, and the manifolduess in respect to method, of thf! expc-riinents upnn whudi 
this discussion is based are so Jtr(‘at and the checks on this point have \m^n so 
numerous as to make it quite ceriain that the results arc not inflmmced l)\ a difT<’r- 
ontial effect of the environment, arising from individual }>n’f(*ren(:e.s of birds for 
particular sorts of food, or other simiiar i^cculiarit ie.s of behavior. W lien a re.sult 
is stated to be due to inheritance the reader may assume, cvmi tliough a siK'cific 
st:itemeiit is not made to that effect, that careful, criti.c;jl conshh ration has lieen 
given to possible environmental influences. 
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So far as I am aware the counts here given are the first at temp* 
yet made at anything more than the roughest sort of a guess at. 
the number of eggs in a bird’s ovary. While these coftnts do 
not give the total numbers they do establish minimum values. 
A giv(Hi o\'ar}' cei’tainly does not can-y any less than the number 
of visible ova. 

A word sliould be said as to the method of making the counts, 
aiul the meaning of the subdivisions of the table. The counts 
were nuid(‘ in some cases on fresh, and in other cases on pre- 
served ovari(‘s. Tlu'i'e was found to be little difference in the 
two methods, as regards the ease and accuracy of counting^ In 
making the counts small pieces of ovary were cut off, and teased 
apart with needles under water and the visible oocytes on the 
small fiagments counted. In delimiting boundaries where a 
number of small oocytes were closely packed together, a hand lens 
was used. No oocyte was counted, however, which could not h(> 
soon with the unaidcHl eye. In other words the lens was not used 
to find oocytes whi(‘h might otherwise be missed, but merely to 
aid iu the dissecting of the material. 

In the oocyte counts given in the table it will be noted that 
these are grou]:)od into four categories. The first class ‘includes 
ruptured follicles from which the o^^a have been discharged. A 
laipturod follicle wliicli is large at the moment the ovum leaves it 
gradualby shrinks iu size and is more or less completely absorbed. 
On the ovai'v of a hen which has laid, however, there will alway s 
be found a certain numl:)er tliese discharged follicles not yet 
al)sorbed. When such follicles get very small it is exceedingly 
difficult to distinguish them from small oocytes (i.e., undischarged 
follicles). Undoubtedly there are eirors in classification in this 
respect in tlie counts, but for present purposes this is not a matter 
of great importance. If the eye were sharp enough it might per- 
haps lie ])()ssible to distinguish a ruptured follicle for every egg 
which lias ever been laid, since it is doubtful if the absorption is 
ever so (amiplete as to leave absolutely no scar. It is of interest 
to note that iu the counts there is a reasonably close relation 
between the follicle count and the record of eggs laid. 
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The o6c}^es proper are divided in the eouutin^ into three 
, ijsses: those 1 eni. or over in diameter, those between 1 mni. and 
I cm. in diameter, and those less than 1 mm. in tliameter. The 

of these classes includes the lar»;e yolks nearly ready to l aiv(‘ 
tlic ovary and pass into the oviduct. They are in pi'ocessof 
j.jipid enlargement by the deposition of yolk. The lu'xt class 
includes those oocytes in which yolk d(^p(Jsition is start(‘d hut 
h proceeding at a slow rate. Tt is from this (-lass that tlu' first 
class of rapidly growing yolks is (‘oustaiitly h^nng i’ecr\iit(ML 
Finally the “under 1 mm.“ class r('])res(mts tlu^ make-up of the 
imik of the ovary. It will be uiuhn'stood tlia.t tli(‘s(‘ si/.e ela.ss(‘s 
are only roughly delimited, the diametei' of (aieh orawte leaving 
been estimated but not carefully measured. 

(Tliimns in the table are devoted to “Total number of (^ggs 
laid ill life'’ and “Winter prodiietion." Th(' first of Hum' has 
IK) partieular significance Since obviously it de])ends on when 
the bird was killed in order to make (In' o()(‘\1e r'ount. Wintia* 
production, however, represents a definite entity in haaindity as 
already pointed out abo\ e (p. inti'r jirodiuhioii rei'onls 

are directly comparable v/ith one anothci*. It is tlu' inlu'ritaiua' 
of this fecundity unit that is primarily lieing simlied in llu'se 
investigations. 

From this table a number of points are to lie noted. In ( lie lirsl 
jilace it is clear that the number of visilde (Micytes in the ovarx' ol a 
hell is very large; much larger, I think, than has generally l>e(*n 
supposed. While to be sure there are for tlie most part only 
vague statements respecting tins point in the litei'alunMisually 
these statements are to the effect that tin' bird s o\airy (‘ontains 
‘several hundred’ ova. The only dii'ect statement as 1o the 
actual number of oocytes in a hen's ovary whicli 1 ha\e b(‘(‘n abl(‘ 
to find is given by Matthews ].)uucan (8) on tIu' viu-y dubious 
authority of Ceyelin (11) to the following t'ffect (loc. cit., ]). -K),): 
'■ It has been ascertained that the ovarium of a fowl is ('omposed ol 
hhO ovula or eggs; therefore, a heu during the wliole of !ut lih' 

lUi' ppncral discussion of 'PvinKM’ production as a unit of f('C!intlil> . '_S '. 

■'■itc. CU), (38). It (■onii>risos t})(M'gm)ro<luc1 ion U|I lo March I of 1 he lavinj' 

yciir. 
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life, but tlu^ HM-ords up to Novcuiilx'r 1, 1010. O'hc figures r('i)'’(^scat icaily tiie t ot al product ion. 
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raiinot pos^bly lay more e^gs than 600, which in a natural course 
•u-c distributed over nine years in tlie following tuoportiou.’’ 
rhis statement is followed by an utterly pro])ostor(uis and ))re- 
uimably entirely imaginary table from (leyelin, su|)]>osed to 
show the laying of hens at different ages. How far from the 
truth the tabic is is indicated by tiie faet that accoiding to it 
the pullet year is the least productive of any of a, hen's life, save 
only for the ninth year when the last reiunaiits of tlu' original 600 
eggs are being tardily ancf, one must su]')posi‘. soi rowfully ejacu- 
lated!' As a matter of fact repeated trap-iu'st and otlna- nsis in 
all garts of the world have shoAvn again and again tha,i. on the 
average, the pullet year is the most ])ro(liu‘tive of a, luai's life. 

From the figures given in table 4 it is furtlicrmore appar^Mit that 
the absolute number of oocytes in tlu‘ hen's ovary is v(M‘y much 
huger than the luunber of eggs which any Iumi I'vci- lavs. A 
record of 200 eggs in the year is a high record of fecundity for (he 
(loniestic fowl, though in exceptional cases it may go (‘vcii a hun- 
dred eggs higher than this (cf. 29). Hut even a. 2()()>-cgg r(*cord is 
only a little more than a tenth of tlie avc'rage total number of 
visible oocytes in a bird’s ovary, to say uotKmg of \Kc, pi'o\>a\dy 
much larger number of oocytes invisible to the unaided (y(\ but 
capable of growth and development. In other words it is ((uite 
evident from theee figures that the potential ‘ anatomical' hamnd- 
ity is very much higher than the actually i‘(‘aliz(Ml [(‘cimdity 
This is true even if we suppose the bird to b{‘. allowed to liv(‘ until 
it dies a natural death. Flxperience shows tliat birds wbi('b make 
a high fecundity record in the first year of (licii- life, generally 
sf)eaking, never do so thereafter. In general an examination of 
what long period records are available iu tlie statisties <if this 
Station, and also in the literature, imUcales that j^rnbaldy only 
relatively few birds of the Ajnerican or Asiatic breeds at least, 
would lay man}" more than 400 to 500 eggs m tludr natural life 
time, if they were allowed to live it out. Records of ^lt)00-(‘gg’ 
birds are in existence, but such birds are rare. 

' It is difficult to iindprstand how so acute an iiiV('sOj>;ator as V. If, A. .Marsfiaii 
cniiid have been so iiii[Joscd upon by tliis wonderful table of tl(‘y«din s. as (n if'pub- 
hisli it in his valuable and intercstiiyu: book on tlu' “ Idiysiolo^y of Ueproduci iuu. 


'*•: JOURNAL OF EXPERIMENTAT. ZOOLOGY, VOL. 13, NO. ~ 
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One of the longest continuous egg records of an indiridua] 
/fM’A jmf i/e eom/dered acc/mte, mti wiicii I am seq/jamtol/s 
that given hy Handrik (15) (for a Leghorn). This bird uws 
hatched in 1901. Its egg record was as foUo%'s: 


Calendar year 

im 


Eggs laid 
105 

ioo:i 


163 

mn 

* 

138 

UX)o 


15tf 

niofi 


160 

1907 


133 

1VI08 


111 

Total 


,.969 

AYfiracro nnr . 



Heier (17) gives a four-year record for a Braekel hen, which 
distinctly higher than would usually be obtained over .so long 
period. The figures are as follows: 

Laying Year 

First 


Eggs laid 
lo3 

SfM'ond 


139 

Third 


152 

Fourth 


162 

Total 

. . jl. . 

^3)6 


Average jicr year ' . . 151-| 

In this connection the paper of Dackweiler (5) is of interest. 
llotJi of the cases liere cited are of fowls of the Mediterranean 
type, in which the tendency to accumulate body fat with advanc- 
ing aj>;e is not marked. I know of no records comparing with 
these ill extent for Plymouth Pocks or other American or Asiatic 
breed. After two years the fecundity of Plymouth Rocks, in all 
cases which have been obsern^ed at the Blaine Experiment Sta- 
tion, becomes greatly reduced. ' 

An examination of table 4 in detail indicates that there is no 
very close or definite relationship between tlie number of visible 
number of oocytes on the ovary and the winter production of a 
bird. Thus no. 1367 and no. 3546 each ha^^e about the same 
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nunibev of visible o6cvi:es, yet one lias a winter j)roiinetion record 
/S times as greM as the other. . \gahi no. 71 with the extniordi- 
Ki lily high winter record of 106 eggs has only a little more than 
unedialf iis many *i^i^i6le oocytes as has no. 2067. whose winter ‘ 
pivjduction record is oniy 32 eggs. Apin 7io, 71 with its 106 
record has very nearly the same oocyte count as no. SOU) with a 
winter record of zero. In general it may be said that the pivsont 
ligur^s give no indication that ’there is any (‘orrelation between 
fecundity as nieasured by winter ])roductioin and tlu* numl)er of 
oocytes in the ovai;^. Of course, the present statist ies a.iv naaager. 

■ More ample figures arc needed (and are l)eing collected) from 
which to measure the coi'relation betwi'cn actual and ' anatomicar 
fecundity. 

Bulfthe data now in hand, even at the \'ei'y low(‘st valuation 
which may be placed upon tluan, iiuli(ait(‘ clcairlv, it seems to 
mo, thatAhere nnist be some other faet()r tlian tli(‘ anatomical 
one involved in the existence of differe]it d(“gi‘e(‘s of actual feeim- 
dity in the domestic fowl. It clearly is tlu' case from tal>l(^ t tliat 
when one bird has a winter record of twi(*e what aiiotlua' bird has • 
it is not because the first has twice as nmny oOcytt's in the ovary. 

Oil the contrary it appears that all birds a,n anatomical 
endowment entirely sufficient for a, very Ifigh dt^griu' of fecundity, 
and iii^oint of (act quite ecpial to that ])ossess('(l b\' Lords whu'h 
actually accomplish a high recaird of f(a“undit>'. Whodun- or 
not such high fecundity is actually realizcHl (widently (l(*])ends 
then upon the influence of additional factors lieyond tlu' auatomU 
cal basis. As has already l^een indicated in the ])n'<-('ding section 
it is reasonable to suppose that these factors ar(^ physiological in 
nature. The record of hen no. 71 shows most eliairly and dis- 
tinctly the reason why we must assunu' tliat thmx' :ir(‘ <l(‘finito 
physiological factors at work in determining rehiti\a' degrees ot 
fecunditjq as measured by winter pi-oduetion. 

While there are no oocyte counts yet availabb' for wild Inrds it 
is possible that when made they will show the sanu* iioiiit as is 
here brought out, namely that there is nc) close or deliniti* rela- 
tion between the anatomical endowment and atdually nailizial 
* tecundity. In this connection a statement made by .leimer (20j 



172 


RAYMOND PEARL 


a century and a quarter ago regarding the cuckoo is of interest. 
He says: 

That the cuekow actually lays a groat number of eggs, dissection 
seems to prove very dechsi^n^y. Upon a (‘om[)ari?>oii I liad an oppor- 
tunity of making ])etwe(m the ovarium, or ra(‘(‘mus vitellorum, of .i 
forruile cuekow, killed just as she had ])egun to lay, and of a pullet killed 
in th(‘ sam(‘ state, no em'ntial dijferencc appeared} The uterus of each 
contained an (“gg perfectly formed and ready for exclusion; and tin- 
ovarium exhibited a large clustei of eggs, gradually advanced from a 
very diminutive siz(^ to tli(‘ grc'aU'st tlie yoik aequires before it is receive<| 
into the oviduct. 

The mechanism of the inheriiance of fecundity 

AVith so much by way of introduction we may proceed to the 
subject in hand, namely a detailed account of the madner in 
which fecundity is inherited. In this account for reasons which 
have been stated above, and in earlier papers on this subject, 
attention Avill be confined to winter egg production. 

A. Observed typea of winter egg production. A study of numer- 
oii.s statistics shows that hens fall into three well defined classes 
in re.spcct to winter production. These classes include (a) those 
birds which lay no eggs whatever in the winter period (up to 
March 1 of the laying year) ; (6) those that lay but have a produc- 
tion during the period of something under about 30 eggs; and 
finally (c) those whose j)r()duction exceeds 30 eggs in the winter 
period. The di^■i.sion |)oiut between classes ih) and {c) is not 
shari)ly defined in every case, but it is plainly (as will appear 
later) at about 30 eggs. Since in the analysis some fixed point 
nUist l)e taken for this boundary a production of 30 has been 
chosen for this purpose and Mill be used throughout. This is an 
arbitrary choice only in the sense that it is a convenient round 
numbei’ lying near where the biological division point falls, at 
least in the strains of domestic fowls used in these experiments. 
Tlie analysis could doubtless be carried through nearly (ft* C[uitc 
as well ])y taking the division point at a production of 29 or 31. 
hut 30 is a more coiu'cnieiit figure. 


not in orijiiniil. 
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In making the division of winter egg production into tliivc 
iii-oiips it must be remembered that this is a (‘hariuner subject to 
])urely somatic fluctuations and onvironmeutal influence. Allow- 
ance for these factors must be made in interpret ing and classifying 
results. In particular the following points must b(‘ kept in mind 
tiiroughout. 

(1) A zero winter production may be due to g^aietie causes or 
to^utely sofiTatic (physiological) oiies, and there is nothing in a 
single record of this sort, taken by itself, to indicate to which 
category it belongs. A bird may carry the factor oi’ factors for 
winter production, yet owitigto i)urely physiologic-al cans(s.such as 
a disturbance of metabolism, or of the o\'ary in respe(M to its {diysi- 
ology, pr to disease, patent or obseiire, it may lunau' actnaily lay 
during the winter period. Usually it will be jxissihh' to (cl! from 
other considerations than the record itself, wliethei' a gi\ im zero 
record is hsomatic’ or ‘gcnelic.’ 

(2) The upper limit of the winter period a.t Alarch 1 is ai'bi- 
trary, and only approximately coincides with llu' l}lologi(‘al 
re.ality. Actually with most birds the s})ring or n’prodmuive 
cycle of production fcf. 37) begins in the latter ])art of lu'bni.arv. 
In handling the material it has been found iKM'cssary dor naisons 
which will be obvious upon (‘oiisidemlion of tlu'. nuitbMM to tak<‘ 
a fixed datafor the begiiiiung of the spring cy(‘h‘ of laying and the 
eliding of the winter cycle. The records of IIh' Station prior to 
1008 are tabulated only for months (the daily nH'ofds uiifortu- 
luitely having been destroyed before I took (‘liarge of (he work), 
and on this account it is necessary to ta.ke tlu' working limit of 
the winter cycle at tlie end of a calender moiitli. Since Mai’ch 
I comes the nearest to the biological limit of any dati* wlueii is also 
the beginning of a calendar month it lias been (diosim. ddu- error 
introduced by taking this arbitrary date for a point which really 
diifts wjthin rather narrow limits is, on tln^ average, small. 1 low- 
ever, it must be recognized as a disturbing element in tln^ individ- 
ual case. Thus, some birds which really lack any gcunUic faidor 
for winter production will begin to lay in the last days of Kebni- 
nry, and consequently on the arbitrary 'March 1' ]>asis will 
actualh'" be credited with a small winter imoductiom This will 
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hi^^h as Ai would alone. Ojie L\ cannot, however, build a super- 
structure on another A,; nor can an /.o build one on another U. 
(tf course* it will be understood that with / (ab enoe of female sex 
and o\'ai'yj these physiological fecutidity factors Li and are 
simply latent. 

Using the letters in the manner defined above, and with tlie 
usual Ah'udelian nuMhod of writing gametic and zygotic formulae, 
t[i(‘ data indicate the existence of Ihirred Plymouth Rock and 
('ornish Indian (lanu* males and females of the constitutionsfet 
forth l)elow. The only point needing particular attention in 
refer(*n(‘e to these formulae is that the factor A 2 behaves in inher> 
itafi(*(‘ as a sex-limited cliaracter precisely like the barred color 
pattern of tlie Barred Rock (40, 41). In consequence gametes of 
the type /’A., an* never formed. Any gamete which bears F 
does not, under any circumstances, ever carry A 2 . 

It is not desii’able to take llu* space to consider here all ‘the 
(‘ons('([U(‘nees winch flow from the (‘ircumstanee of the high fecun- 
dity factor A. being a sex-limited character. These matters will 
be fully discuss(*d farther on in the paper after the data them- 
selves have been [u-esenled. Here it need only be said that since 
Ao is a s('x-linut('d cliaracter corresponding^in behavior to the 
))an-ed color pattoi-n. it means that yy may be formed with any 
combination of the hietors A] and A., whereas 9 9 which bear L> 
at all, must he heterozygotie in respect to it. Females may, 
howcN’cr, lx* eitlicj* liomozygotie or hctcrozygotie in respect to 
Ai, it not being a sex-limited character, and hence not in any 
way coupled with or repoilod by the factor F, That the female 
.fowl is heterozygntic in mspeid to the sex factor was suggested 
by Spillman (50, ol) and has been demonstrated by the experi- 
mental studies of Bateson (3), Goodale (12, 13), Hagedoorn (14). 
Sturtevant (ol) and Pearl and Surface (40, 41). 

Tables 5 to S in(*lusi\'e show the constitution in respect to fecun- 
dity of males and females of the bi’eeds used in this work, as 
indicated by the results obtained from breeding experiments. 
These constitutions represent the ‘Erbformcln’ which flow from 
the facts, and, in deterjuiiiation of their adequacy, are to be 
tested agiiinst the facts. In these tables the columns headed 
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‘Caiiirtes produced' have been nuide up iu accord with the ,u;eii- 
eral Mendelian principle that in gninetoi^euesis all ]R'>ssi hie com- 
binations of the factors present will be formed, within the boumis 
of :iiiy linaitation which may be imj)os(Hi by such ])heimmena as 
H)ui)hng, repulsion or linkage. The limitation of these possibili- 
riointhe present instance has been set forth al)ove: it consists 
viinply in the fact that F and U arc never borne in the same 
gamete. It skould be said that these tables dn not simw at all tlie 
proportions in which the several gametic types might be expected 


TAliLE 0 

Cji}mtititlionof Harrai Pluhunith Hock iiofU s in n sport to ft c/iiidittf 

CI.ASH ZYGOTK c ! AM KTHS PHO!) I I K1> 


1 

fUU 

. jUU 

fLJ.2 

2 

fUU 

. fLd: 

floL..fkd. 

3 

fL.L. 

. r/iLi 

fUL., JFL. 

4 

(FaU 

. fhh 

fLd.. fid 

.5 

iUh 

■ fLd. 

fid. 

(> 

fid. 

. fid. 

fid.. Ilk 

7 

(UU 

. fUl-i 

III. 

8 

'fULi 

'fid. 

fll.,fld. 

9 

fhh 

. fid. 

flj. 


TABLE C. 

Cou^li! ution of Jifirrcd Plijntoolh Hock fcinuivs iu rrspai fn firu!idi!i/ 


n.ASH 

zYCO'i i-: 

(o’ iNi. ; 

(JAMKTKS 

( ? t !Ni; ' 

CAM KTKS 

PKOIH* TIUN- III' Ill 

!Miir\Ti;!) ZVCdllf 

1 tiNSTlTCTtcV 

1 

fliL. 

. Fid. 

fUlu illd 

Fid., Fid. 

()ver30pggs 

2 

1 fill. 

. FLd. 

^ fUl. 

FLd. 

Over 30 eggs 

« 

. (Ld. 

. fid. 

fid., fid. 

Fid., Fid. 

UlldlT 30 eggs 

4 


. Fid. 

fid. 

FLd. 

Under 3>() eggs 

5 

■ fhh 

. Fid. 

fid. 

Fid. 

Zero eggs 

6 

j h-Oj 

. Fid. 

f IL. 

Fid. 

Under 30 eggs 


'The re.TSon that gametes of the typo fLJ'> tindjhU arc not fornii‘(l hcii‘ will be 
evident on coiisidcratioii. Since no gametes of 1y])e FL 2 can. ]>y ]iyj)otliesis, l>e 
foKned this implies that an interchange of the factors Ez and U bchveen F and/ 
giiriietes cannot occur. Tlic experimental proof of th(j truth of this conviction 
!i:ts been furnished in the case of the inheritance of the barred color ])attern. 
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to occur. Further all duplicates have been omitted, So that only 
th(* different possible types are shown in these tables. 

It will be noted from table 6 that two classes of femalr ' 
and 2} carry Ixjth Li and Li and hence are to be expected, 
tfiv hypf)thesis developed, to be high layers. One class (class , j 
carries neither /» nor L > and hence should make zero winter record 
tt slio'uld be said that observations indicate that wHle such class 
o birds occur with expected frequency, they usually do not pro- 
duce any offs])i-irig. A zero winter layer usually gets very®fe\v 
chicks of any kind and almost never has any adult 9 progeny. 

Turning our attention to the Cornish Indian Games, we have 
ihv gametic constitutions set forth in tables 7 and 8. The only 
sf)ecial point to be noted here is that the factor Lo does not appear 
at all ill either males or females. All the evidence indicates that 
in the strain of ('ornish Indian Games used in these experiments, 
this (‘xcess production factor L- is entirely absent (cf. in this con- 
ueetion tables 1, ^ 8, supra). 

■ TABLE 7 

('onMUnli^tn nf (\>rnl.<h f/ididtt Came male^i in rci^ped to fecundity 


( I, VSfj ZVeOTK GAMETKt; PHOUUC:KI) 

1 fUC . fid. ./’/-lb 

2 JLihJhh 

M fhl-i.fhi: fUh 


('ott.^lihdiitn of (\ 


TABl.E 8 

iih Indian Came femalci^ in- respect to fccundiiy 


(Ld, . I'Ld: 
ICC . ICJ, 
JLd. . Fid, 
fldi ■ Fid, 


(JAMKTfc^ 


JFd, 

//I/^ JLd, 
fLd,.fld-i 
'idd, 


F-uf;.vinx« 

{ 9 PIU>l)V<.'IN<i} 
CAMETES 


FLdi 

FJnk Fhh 
Fld2, FLd-1 
Fhh 


i PHOH ABLE WINTER EEl! 
! PRODUCTION 9 OF 
INDICATED ZYGOTIC 
CONSTITUTION- 

Under SO egg- 
Tinder 30 eggs 
Under 30 eggs 


It will bo noted that C.l.Cl. 9 classes 2 and 3 are gametieally identical. BofJi 
arc Icfl ill the table, iiowever. since tiie whole table is so short that no confusion 
can be caused, and this e.\ainj)l(> may make (dear to some readers the nature of the 
coriipression (by omission of iluplicatc classes) which was practised in tables a 
and 0, 
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We may'next consider the theoretical I'csults wliich would he 
expected to follow the mating in all possible combinations of 
|0 .s of the constitutions set forth above. In doing tliis account 
j bo taken (3i female progeny ouhj. for tlu' sake of sim])licity, 
*«:i/iug of space, and because we are here conreriied only wi(h 
:wtual fecundity as expressed in the female. Anyone who desire§ 
(-an easily w#rk out the constitutions for liimself. Tai)les 1) 
:nift lb give the expected numbers of femah' ])i‘og(‘ny from each 
mating, on the assumption of uniform fertility throughout. It 
will be seen that some odd ratios should a]ipcar. 

It should be pointed out that while, for IIk^ sake of eomph^te- 
ness, the result of every possible mating is carried ont in tab](‘ 0 
on an assumption of equal fertilit>' for all mat ii tgs. tins by no 
means accords with actual fact, (’erlain of tlie matings wo\iUl 
not in practice get any offspring at all. This a] ) plies also to table 
10. This point will be made clear in coniua'tiou willi the aiipli- 
cation of the theoretical fre(|uencies to llu' ol)s('rv(Ml data. 

It will not be necessary in the table for Coi'iiish Indian (biifu's 
to present the theoretical frequencies in sucli detail. Oidy totals 
and ratios will be given. 

From table 10 it will be seen that no high laA crs luv. to be 
expected from pure Cornish Came matings and that birtlier the 
proportion of zero layers is relatively higli. 

AXAJA'SIS*<)V THK KXFKKDIKXTAL i)ATA 

In this section the actual results in res])e(‘t to f(Mamdi(y will 
be compared with the theoretical expectations. Tliere will b(‘ 
presented first the data respoctiiig the matings of Ihari'cal Rock 
males and females (pure B.IMI. matings): socoiul the data 
respecting matings of Cornish Indian (hum' males and temales 
(pure C.l.G. matings); and finally the F, and /A matings of 
Barred Plymouth Rocks and Cornish Indian (lames (‘rr)ssed 
reciprocally. 

Since the actual breeding operations were carricHl out in advance 
of any understanding of the mechanism ol tlie inheritance of 
fecundity the matings were substantially at random so far as con- 
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TABLE 0 




.sill til 

'nil (hr ihrordicfd ( jc (irrtiiiiun la rei^pect to the fecundity of the daughters from r. 


po.ssihb; rnfdiftgn of Barred Plymouth Rocks inter se 



M ATI.VfiS 

KXPECTED DlSTniBUTIO.\ OF FECL’XDITy JVMOSC 
9 PROGEM' OK THE DH^IGNATED MATIKG 

li. 

1'. IL .)f B. I^ U. 5 of 

with a 
winter production 
iiu'i- SO e<;gs 

Daughters with 
n winter 
product ion of 
under 30 eggs 

Daughters \vi 
a winter 
production c 
2frt» egg a. 


1 1 1 1> (> iiK'lusivc 


:^2 




1 All classes 

Ratio = 

1 

... ..._ 

0 


2 L 


4 

4 



2 2 


2 

2 



2 M 


4 

4 



2 \ 


2 

2 



2 5 


2 

2 



2 B 


2 

2 



2 All classes 

'I’otals - 

11) 

"iG 



2 All .'hasscs 

Ratio = 

1 

1 

U 


A 1 


0 

2 



2 


4 




3 ;; 


B 

2 



4 


4 




a 


2 

2 



:> (i 


2 

2 



;; All Class<‘s 

4\)tals = 

24 

8 



2i All classes 

Ratio = 

3 

" 1 

0 


4 1 

4 2 


3 

4 

0 

^ 1 


4 



4 

1 


4 4 


2 

2 

< 


4 a 


1 

2 

1 


1 i; 


1 

2 

1 


4 All classes 

4'otals -- 

12 

IG . 

4 


4 ^ " All classes 

Ratio = 

3 

4 

i 


•I 1 to () inclusive 



32 



') -\ll c!ass('s 

Ratio = 

0 

- - 

0 


f> 1 



G 

2 


2 



4 



B a 



0 

2 


B . 4 



4 



B a 



2 

2 


(i W 



2 

2 


B All classes 

Totals = 


' 24 ' ' 

" 8 


B All classes 

Ratio = 

(1 

3 ”' 

1 
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TABLE ft— Coinltiut'd 


KXi'i:vTi;i> nisiiuiti i;us: uf rKt i xditv amonc; 

V IMVOCt SV ilf THK DKSUiXATKl’ MAllNk, 


}^. P. R. c? of class 

; B, P. R. $ oi class 

D;ui4hti'i> wii li a 
wimer pruclmaioii 

Willi 

a wintiT 
I'roiliii iiuii ()l 
a.'iiar 

1 i( ii 

a wimer 
[tioOui'i ittii III 

7 

; 1 

4 

1 


7 

2 

1 



7 

1 3 

I 

4 


7 

' 4 

4 



< 

, 5 


■1 


i 

6 


1 


7 

All classes 

Totals = IG 

1(1 


7 

All classes 

Ratio = 1 

1 

0 

8 

1 

2 

4 

2 

8 

2 

2 

2 


S 

8 ' 

2 

4 

2 

8 

4 

2 

2 


8 

.j 


2 

2 

8 

t) 


2 

2 

8 

AH classes 

Totals - S 

10 

s 

8 

All classes 

Ratio = 1 

•> 

1 

9 

1 


4 

1 

9 

2 


4 


9 

M 


4 

1 

9 

1 


4 


9 

.j 



1 

9 

() 



4 

9 ” 

All classes 

H'otals = 

10 

IC> 

9 

All classes 

Kaiio = 1) 

1 

1 

All classes 

All classes 

(Iraiul 

Total = 120 

100 

4(i 

All classes 

All cl.'LS.ses 

Ratio = 0 

4 ’ 

1 


concerns fecundity factors. As a conseciuence not all possible 
gametic pairings have been made, while for certain coinl)! nations 
a relatively large number of offs])ring are available. Ihiougli of 
the possible gametic combinations liave, however, becMi made 
with barred Rocks to show clearly how fecundity is inluM-ited. 

A word should be said in regard to the iiiimher of offs|)]hig f]’f)m 
the different matings. The writer would, of coui'se, l)e glad if 
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TABLE 10 

Shnu ifUj thf (hc&rdicnl experlation in respect to the fecundiiij of the daughters from 
(ill pos.ufile rnnfings of Cornisk Indian Games inter se 


KXl’tCTF.D DISTHIBCTION OF KECVSDITY AMONG } . 

1‘roqeny of the oesicnated mating 


. (i. <tt 

I. (1. 'e fit cliiHs 

Daughters with a 
winter recorrl of 
mt'r .}<J eggs 

Daughters 
with a winter 
rettord of 
under 30 eggs 

Daughlera 
with a wlnti 
record of 
zero egg,-! 

1 

1 to 4 uiclus! VO. 



12 


1 

All clas.ses 

Ratio 

= 0 

1 

0 

2 

I (o 4 inclusive 

’’I'otals 


9 

3 

■J 

All ciassc.s 

Hyio 

= 0 

3 

1 

3 

1 to 4 inclusive 

Totals 


C 

f) 

3 

All classes 

Ratio 

- 0 

1 

I 

All classes 

All classes 

Grand totals 

27 

9 



Ratio 

= 0 

3 

1 


records \v(*re at hand for a la-r^c nunil)or of progeny for every niat 
itig iniule. Tliere are, however, practical difficulties in the mat- 
ter. The Maine Experiment Station poultry plant has accoinmo 
dations foi' only about 000 adult pullets per annum in spite of the 
fact that it is one of the largest purel}^ experimental poultry plants 
in the country.'' Now taking all the experiments together there 
are m:id(' about 300 separate matings each year. It is simple 
arithmeti(‘ to show that under the cir(‘unistances, if all matings 
were OQuallv represented, only two pullets from each mating 
could be tested as to tecundity. As a matter of fact all matings 
are not eipially re]n’esented. Some yield either no chickens, or 
too few to insure the development of adult daughters. The aim 
has always l>e(m iir this work to put into the laying house for 
trap-nest records of [(‘cundity as many daughters from each one of 
as many matings as jiossible. Of course, only healthy, normal 

^ There ure hatched annually on thi;? plant from 3500 to 4000 chicks, and facilities 
for handling adult stock make it possible to accommodate over winter about ItHiO 
birds of all sorts, including a<]iilt pullets, hens and male birds.. 
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well developed pullets can be used in the work, since any other 
•sort could not be depended upon to give reliable normal i-esults as 
t(, fecundity. This means that, under the prevailing climatic 
conditions here, only pullets hatched l)etweeu a ratluo’ narrow 
range of dates (April 1 to June 1) can l)e used in the fecundity. 
Those hatched at other seasons will not gi\'e normal results. 

Altogether it will be seen that the character fecundit>' in fowls 
i< not one which lends itself readily to treatment in firge masses 
of figures, desirable as such might theoretically b(‘. The (aise is 
very different from the study of the inherit anee of idiqnag(‘ (*olors 
ill poultry, for example, where both sexes are available for record 
and the iftcords may be made while the chicks are relatively 
young (or in some cases even uriliatched) aiul iiefoia' they hav(' 
time to die. If all students of tlie inheritance of pigmentation in 
poultry had been obliged to keep, house, and feed (wany bird 
which was to furnish any record whate\ er, until approximately 
one and a half years* after hatching, and could ha\’e got re(‘ords 
even then only from one sex (l)olli of which conditions obtain 
in the study of fecundity), it is plain that their r(M*ord('d mimliers 
would have fallen very far below those whudi the>' have actually, 
and most fortunately for the good of biology, bec'u abh' obtain. 

The foregoing remarks are not in any sensi^ iiiteiKhal as an 
apologia for ^he statistical portion of this jiaper, b(‘eaus(‘ in tlu' 
opinion of the writer, who is thoroughly acciuainted with 
I)ractic4l difficulties which beset the study of inh('ritau(*(' of fecun- 
dity, no apology is needed. The data, here jn’esented an* about as 
extensive as it is practically possible to ol)tain in an interval 
(tf time and with an experimental equipment e(pial to wind has 
l)een available in the present investigation. It is hoped, liow(‘\’(a’, \ 
that what has been said may help the read(n\ who may not lx* pra,c- 
tically {^miliar with the rearing and trap-nesting of large numbers 
of fowls, to understand the reason why moTe (‘xt(msi\'(' data luv. not 
forthcoming in this paper. In ever}' case ^vher(' th(^ number of 
birds ta a family was too small to warrant any com’Iusion this 
fact is particularly noted. The data for these small families arc 
not suppressed, however, but arc in most instances separately 
tabulated. 
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One (.‘ouverition which is used throughout in the tabulation 
the rjiaterial should 1)0 explained. In case a bird has a winter 
egg riM'ord of exactly )!() eggs, she evidently falls on the boundary 
line l)(‘tweeii the two fecundity classes already discussed and 
defined fp. 172j. The number of such cases is not large, but in 
order to be perfectly impartial in their treatment it was decided 
to sf)lit such a, bird in two, in a metaphorical sense, and credit 
one-half of her to tlie ’Over 30’ winter fecundity class, and the 
other half to tlie ‘Under 30’ class. This explains the fractional 
i‘('Cords wdiich occasionally appear among the frequencies in what 
follows, and w'hich might otherwise puzzle one used to thinking 
of a hen as aji individual unit, at least during the feciAd portion 
of her existence. In calculating the mean winter production (in 
eggs) of the sc'vei'al classes these few birds wdth records of exactly 
30 eggs haw been omitted altogether. There are obviously two 
(Hlually fail’ ways of dealing with them in getting these averages. 
One is to include each one in both bjver’ and ^under’ classes; the 
other is to include each one in neither class. The latter alternative 
is ado|)te<l because simpler. 

Barred Plymouth Rock matings 

The data will be presented for each gametic^ constitution 
se})arately. The analysis indicates that out of the 9 theoretically 
possible ty|)es of male Barred Rocks showm in table 5 only six 
liaxe actually ever been used in the breeding pens. These six 
classes of males represented in the data are classes 1, 2, 3, 4, 7 
and 8. 

In any ])arliculai' case it is [;racticable to determine the gametic 
constitution of a male bird in respect to fecundity only through an 
examination of the records of his daughters. To distinguish 
different gametic t>']ies of males through analysis of the male 
progeny, Avhile theoi’etically simply, is practically not feasible 
wUile any other investigations arc going on. In order to deter- 
mine the gametic constitution in regard to fecundity of the cock- 
erels from a particular mating it would be necessary to rear 
to maturity a reasonable number (5 to#i()) of these males, aijd 
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tluMi a year from the time they were liatehed to mate otlcIi (^f 
tlieni with a number of females, and rear to maturit>' and tra])- 
lu^t for a year a number (3 to 10 for exain])le) of jiullets grown 
from each of ^he matings of each of the (‘ockorels. ddien from tlie 
trap-nest records of these pullets it would bo possible to (‘omdude 
as to what wasiheir grandfather’s gametic c(mstitutiou respect- 
i[ig fecundity. It is evident that relatively enormous experi- 
mental resources would be required to curry this out oii ev(m a, 
very modest scale. Further the end would scarcely justify the 
means from either a practical or theoretical standpoint, sima' tlw' 
theoretically expected gametic types of males (*an he readily 
obtained ,and their pedigrees will enable one to analyze fully tln^* 
gametic factors and reactions involved in their iiroduetiou. 

Throughout the paper, then, conclusions will Ix' drawn as to 
gametic constitution of parents from an analysis of tlu' female 
progeny only. 

The reason why the other three (‘lasses of males (5, (i and t)) 
are not represented in the matings is to bo found in the method of 
srleetive breeding practised during the time in whi(‘li tlie statis- 
tics here analyzed were collected. Tim cliance of using in a 
breeding pea males of any of these types was small when th(' 
selection was carried on in the way tliat it was. This ])oint will 
be more fully discussed farther on in the papei’. 

Matmgs of Barred Phymouih Rock /^ndc.s- of 7 

iXIales of class 7, having a gametic cojistitution fkLo . fljj^y 
were used more often than any (dlier sort in tlu‘ |)uj'(‘ Ihu'red Itock 
matings. They are homozygous with reference to the a,bsence of 
the first production factor Li, and the pi’csence of the s(‘c()nd or^ 
excess production factor Lo. A reference to ta])lo t) shows that* 
there should be no zero winter producers among their |)j'ogeny. 
The proportions of high and poor layers in the ])i'ogei)y (hqxmd 
upon the nature of the female with which the male is l)r('d. f'or ' 
convenience the matings of each individual male will Ix' disemssed 
separately. 

'*'* riiP 'clasis’ numbers throughout refer to the arbi truly designations given in 
tables 5 to 10 inclusive. 

THE JOUHNAL OF EXPER1M»:XTM, ZOOI.OOY, VOL. 13, NO, 2 
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B.Rk. 0 ^ ddd. Indicated gametic constitution = fliL 2 . //iLj. 

This male was hatched in the spring of 1908 and used as a 
breeder in the season of 1909. His successful ‘pure' matings (i.e,, 
those with B.P.R. females which prodi^^^^du^l^ f empale progeny) 
were as follows: 

MalifKjs.: A. With fi 9 9 indicated to be of class 2 = JLiLi . FLiU. 


9 Froytnp 


U'')9(7r/- Prod act Ian: 

Over 30 

Under SO 

Zero 

()i)Sf>rv«‘d 

1.5 ■ 

0 

• 0 

K.t peeled 

15 

0 

0 

winter production of 9 9 




... .')1 33 eegs 







. Wit}) 3 9 9 indientfid to bo of class 1 — fL\L . 

Fhk. 



9 Progeny 



Wi flier Pradnetioii ; 

Over 30 

Under 30 

Zero 

()t).sorvod 

h 

9 

0 

Fxpecled 

7.5 

7.5 • 

0 

M('aii winter ])ro(hi(;(ion 

of 9 9 



in indicated class 

55,50 

13,56 egg.s 


. With 2 9 9 indicated to bo of class 4 = /Li/a 




9 Progeny 



Wiftler Praduciiofi 

Over 30 

Under 30 

Zero 

Observed 

4 

0 

0 

Fxpected 

^ 

0 

0 

Mean winter production of 9 9 



in indii-ated class 

39.75 eggs 




All 9 Progeny 



iri/(/cr l^iinluelian: 

Over 30 

Under 30 

Zero 

()l)serv(Ml 

2.7 

9 

0 

Expected 

26.5 

7.5 

0 

Moan winter })roduction : 

: .50.48 eggs 

? 13.56 eggs 



The agreement between observation and expectation here is 
as close as could be expected considering the numbers involved. 
Furtlier it is evident from the mean production of the daughters 
falling in the several classes that the^‘Over 30’ and 'Under 30’ 
classes are perfectly distinct in respect Jbo degree of fecundity. 
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Xhe ‘Ovei- 30 ’birds produced ou the averaf]^, nearly four times 
as many eggs in the winter period as the ‘Under 'MY l)irds. 

B.P.R^ /567. Indji^ted gametic constitution = 

This male was use^Bj^he breeding season 1010 and sired a 
fairly large number o^P|ks of which tlie adult daughtei's appear 
below. He wa^ hatched in the spring of 1900. 


Maiinfis: A. With 5 9 9 iiHUcaU'd to 1 h‘ df clriss 1 = //. J,. , /-V,/,. 

9 Vi'inji'iaj 


ICPacr rrodudion: On r .10 

Observed 71 

Expected 8.5 

Mean winter production of ^ 9 
iu indicated class.. , 57 2S eg|T,s 


Vudi-rOO Zii- 

01 0 

8.5 0 

It 7S ojrirs 


U. With 3 9 9 indicated to be of class 3 - 


9 


Frogentj 


Winter Product 

Observed 

Expected 

Mean winter production of 9 V 
in indicated class 


Ore r 30 t'ndn-o) 

12 2 

n 0 

55, S3 22. (K) cf^^.s 


Zero 


0 

0 


. Willi 2 9 9 indicated to lie of 

cUiss 6 -' / 

. ElAi. 


9 

Proiicmj 



IVbdcr Produclion: 

Over m 

Under 30 

Zero 

Observed 



0 

Expected 

Mean ■winter product iori of 9 9 

0 

0 

0 

in indicated class 

4S (X.) eggs 

M.(X) eggs 


All 

9 Progeny 



UuOdp’ Product ioii: 

Over 50 

Under 30 

Za'to 

Observed 

21 

15 

0 

Expected 

5 

1^.6 

0 

Mean winter production 

55,95 eggs 

15. bl eggs 



It will be noted that there are two exceptions in these matings. 
A class 7 c? X class 29 should give only daughters in the ‘Over 
30’ class. Two out of the 14 adult progeny from matings df this 
type laid fewer than 30 eggs in the winter period. The record of 
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one of these two was 28 eggs. There is no doubt that thisbiid 
was a somatic variation belonging gametieally to the 'Over 80' 
class, fcf. p. 178). In general it is obvious that the agrcemeiii 
betwfM'M o})sei‘\'ation and expectation here is very ^tisfactory. 
Furtlier the difference h\ average winter prodiictron of the birds 
in the ‘Over 80' and 'Under 30’ classes is so great as to leave 
doubt of the real distinctness of these classes in respect to feciHi- 
(lily. 

B.P.R. V Indicated gametic constitution ^ JhL^ . JIiLk 

This male got comparatively few adult daughters. He was used 
during only one })rceding season (that of 1910), having been 
hatclKHl in tlie sf)ring of 1909. 


.]fatiKijs: A. With 4 9 9 indicated to be of class 1 = fLiLc : Fiji. 


9 Progeny 


Wittier Proifurliiin: 



Fxih’cUJ 

Mean wint(M' production of 9 9 
of indicate^l class 


Over 30 


3.0 


42 40 eegs 


U rider 30 
6 

5.5 


11.67 eggs 


Zero 

0 

0 


IV With 2'‘'9 9 indicatcal to bo of class 2 - fLiL-i . Fiji. 


9 Progeny 


ir//ac?* Prtuluelitin: Over 30 

Observed 8 

Ejc peeled 8 

Mean winter pixxluction of 9 9 
of indicated class 70.00 eggs 


Under 30 
{) 

0 


Zero 

0 

0 


Wittier Pfoduclioii : 

01)sei’ve<l 

Expected 

Mean winter production 


All 9 Progefttj 

Over 30 
IS 

13.5 

60 .SS eggs^ 


Under 30 Zero 

it 0 

0.5 0 

11.67 eggs 


In spite of the comjiaratively small number of individuals 
here,* the e\ddeuee of segregation of high and low fecundity in 
accordance with gametic expectation is clear and indubitable. 



INHERITANCE OF FECUNDITY 


1S9 


jlP.R. & oS2. Indicated gametic constitution = ffj.. . 

This? male was used as a breeder during two seasons (100!) and 
jOlO), He wa« hatched in the spring of 1008. His sisters wore 
very poor winter layers, as shown by the following taldi'. 

irOiC’r pniiUiciitni 


Sisters of cf 55^ , A’r/r/.s 

E 184 i(i 

E 229 ti 

E 272 7 

Mean winter production of family H 07 


f 

The mother of cT ^52 ( 9 D725) was a gooil layer witii a wiiiter 
record of 61 eggs. From her he evidently got an L: factor which 
his sisters could not acquire in Hiis wa}'. The fatiuM’ was hetero- 
zygous relative to L 2 (belonging to class 4) and the only one of his 
adult progeny from the mating with 9 D7£<7 to l)ear L. hap])ened 
to be the 552 here under discussion. In the following account 
of c" 552’s breeding history the progeny in lioth of the ytaii's in 
wlik-h he was used in the pens are taken together. There is no 
reason why the two years should be dealt with sejiaratoly. 

Matings: A. With 4 9 9 indicatiMl to bo uf class 2 = fL\L-r FLJi- 


9 Progen ij 


Il f nter Production : 

Orer 30 

rndcr 30 

Zero 

Observed 


\ 

0 

Expected 

Mean winter production of 9 9 

U 

0 

0 

in indicated class 

•IS. 27 



B. With 10 9 9 indicated to be of ' 

class 1 =/hi/., 

F/d,. 


9 

Progeny 



Winter Production: 

Over 30 

(Jndtr 30 

Zero 

Observed 

17 

15 

2 

Expected 

Mean winter production of 9 9 

17 

17 

0 

in indicated class 

d4.71 epjjs 

12 47 

0 ciKs 
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C. With 3 9 9 iniUcatcd lo be of class 3 - JLiU. . Fld^. 


9 Progeny 


W'inier Prodnrtion : 

Over 30 

?7ridej 30 

Zero 

Observed 

2 

1 • 

0 

Expected 

1.5 

1.5 

0 

Me:kTi winter production of 9 9 



in indicated class 

35 . .50 eggs 

22 00 eggs 



All 9 Progeny 



\\ inter P rot! net ion: 

Over 30 

Under 30 

Zero 

Observed 

30^ 

16| 


Expected 

30 5 

18.5 

-Mean winter jn'oduction. , . 

51.07 eggs 

IS.O 6 aggs 

0 


In this cnse the two zero bird^ are without much question to 
be reckoned as Somatic rather than genetic zeros. Unfortunately 
neitlier of these birds were bred, so that precise information on the 
point is lacking. Assuming this to be the case the agreement 
between observation and expectation in the large progeny is 
]:)erfect. The matings under Q got so few 9 progeny as to be 
without significance one way or the other. 

The mean winter productions again show the distinctness of 
the separation between the 'Over 30’ and ‘Under 30’ fecundity 
classes. 

B.P.R. & 554 , Indicated constitution 

This bird, like 0 ^ 552 was used in the breeding pens two years. 
He was hatched in 1908 and bred in each of the two following 
years. His breeding history was as follows: 

Moiing^: A. Witii 8 9 9 iridicjited to be of class 1 — jLJj^ . FUli, 

9 Progeny 

\\ inter Protiuciwn: Over 30 Under SO ' Zero 

Obs(*rvo(l 12 12 ' I 

Expected 12.5 12.5 0 

Mean winter production jof 9 9 
•in indicated class 47.07 eggs 


Id, 58 eggs 


0 eggs 
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W, With 3 9 9 indicated to be of class 2 = fULi , FhU,. 


9 Progeny 


Uh'nt^r Production: 

Oi'cr SO 

Under SO 

Zero 

Observed. ..j 

‘ 8 

0 

0 

Px’pccicd 

Mean winter production of 9 9 

8 

0 

0 

in indicated class 

oO.OO eggs 



. With 2 9 9 indicated to be of class 0 = jljj-i 

. PhU 


9 

Progeny 



Il'Uife# Production: 

Over SO 

Under SO 

Zero 

Observed ^ 

0 

S 

0 

Expected 

Mean winter production of 9 9 

0 

3 

0 

in indicated class 


20 eggs 


All 

9 Progeny 



iklatcr Production: 

Over SO 

t'iider SO 

Zero 

Observed 

20 

15 

1 

Expected 

20.5 

15 .0 

0 

Mean wdnter production 

52.20 eggs 

lCi.5J c'ggs 

0 (‘ggs 


Barring the single bird with a zero record the agreement between 
observation and expectation here is perfect. This exception was 
a late^’ hatched bird (June 2, 1910). Tt laid an egg on May I, 
1911j of its pullet year,* and died from a combination of pulmonary 
and intestinal difficulties on May 22. Under these circumstances 
it obviously carries little weight as an exception to expectation 
on a gametic basis. 

B,P.R. ^ '561}.. Indicated constitution = //jL. . 

This bird was hatched in 1909 and used in the breeding season 
of 1910, with the following results: 


It must always t)e remembered that ‘late’ is voiatlve. l-iider our conditions 
of climate, etc., at Orono, June 2 represents very late hatching for birds wliich arc 
to be used in fecundity work. The cold weatiier cuiiics on so early in the fall and 
is so severe that any bird not fully developed by tli^ middle of October or the hrst 
of November at the latest is likely to remain permanently stunted. 'Jheiflrst of 
June vepresents about the latest possible limit of hatching for fecundity work under 
these eonditiohs. 
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Maiintj^: A. With G 9 9 induiated to bo of class 1 = fLJn . PhU. 


9 Progeny 


Whilcr Prudueiion: 


Over 30 

Under 30 

Zero 

Observed 


9 

10 * 

2 

Expcch'd 


10.5 

10 5 

0 

M('tin winter jiroihicl ion of 

9 9 




in indicated class 


04.44 eggs 

19 80 eggs 

0 eggs 

.. With d 9 9 indicated to 

be of class d = 

, Fdk. 



9 

Progeny 



Ho'n/cr Prothiciion: 


Over SO 

U nder SO 

Ziro 

0)).serv('d 


2 

2 

0 

Expected 


2 

2 

0 

Mean winter production of 

9' 9 




in indicated class 


.54 ,50 eggs 

26 .50 eggs 


I. With 1 9 indicated to be of class G = fliL^ . 

Fhh. 



9 

Progeny 



Winter Pnxlifction: 


Goer 30 

Under 30 

Zero 

Observed 


0 

2 

0 

Expected 


0 

2 

0 

Mean winter production of 

9 9 




in indicated class 



4.00 eggs 



All 

9 Frogemj 



irOacr Prnduefion: 


Over 30 

* Under 30 

Zero 

()l)servc(l 


11 

14 

2 

Expecte<} 


12.5 

14.5 

0 

Mean winter j)rodu(‘lion. . . 


02.64 eggs 

18.85 eggs 

0 eggs 


The families are small in this ease. From both these pure 
Barred Kock and the cross matings in which d" 564 entered, how- 
ever, there can be no doubt that he is a class 7 male. The two 
zero birds are to be reckoned as ^somatic zeros' rather than game- 
tic. Both began lajdng at the very beginning of the spring period, 
and made records which indicated to one familiar with this 
sort of material that Ijicy belonged genetically in the ‘Under 
30’ class and onh* by accident failed to lay some eggs during the 
winter perioil. 
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B.P.R- Indicated constitution == fhL . JhL. 

This bird was purchased in January, 1008, from (huxiner ct 
Dunning, a then well-known firm of Barred Ro(‘k breedei‘s of 
Auburn, N. Y, , Nothing was knoAvn of tliis birdV previous his- 
t ory or pedigree. The bird was hatched in the s])ring of 1<K)7, and 
used in our breeding pens in 1908 and 1909. In 1908 In^ failed 
to get any adult daughters. This, however, was not tln^ fault of 
the bird, but of the conditions under which the breeding had to be 
done that year (cf. Pearl and Surface 35). From the records of 
the daughters of 58 obtained in 1909 and exhibited below it 
appears! cl ear that he was a class 7 male. The breeding history is 
as follows: 


A. With 9 9 9 indicated to he of 1 = (LJ.-, . FIJ... 
9 Progeny 


U'OifcT Production: 

Occr 30 

Under SO 

Zero 

Observed 

10 

1:1 

1 

Expected 

12 

12 

0 

Mean winter e^g production of 




9 9 in indicated class 

52.22 eggs 

17.25 eggs 

0 eggs 

lU With 4 9V indicated to be of ( 

;'lass G ^ 

. Phi,. 


9 

Progeny 



Winter Production: 

Over 50 

U ndcr 30 

Za'to 

Observed 

0 

5 

0 

Expected 

0 

5 

0 

Mean winter egg production of 




9 9 in indicated class 


15.80 eggs 


All 

9 Progeny 



Winter Production: 

Over 30 

Under 30 

Zero 

Observed 

10 

IS 

1 

Expected 

12 

17 

0 

Mean winter production ...... 

.52.22 eggs 

IG 82 eggs 

0 eggs 


The single zero bird here (9 F158) cannot fairly be I’egarded 
as a non-conformable case because of the following history. She 
was hatched March 30, 1909. She never laid an egg and died 
May 23, 1910, Autopsy showed the ovary and oviduct lo be in an 
infantile condition. The ovary weighed 1 gram and the oviduct 
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2 grams. .The ovary showed no oocytes enlarged by yolk deposi- 
tion or enlarging. There was no evidence that the ovary had 
ever shown the slightest trace of functional activity. But a 
normal bird hatched in March will exhibit signs of ovarian activity 
before May of the following year, even though she belongs genet- 
ically to the 'Zero' class in respect to winter production 
and does not lay. While the autopsy showed no obvious lesion 
of ovary or oviduct, this by no means proves that there may not 
have been present some deep-seated* functional derangement. 

BJ\R. 0^ ’578', Indicated constitution = fULi . // 1 L 2 . 

This bird was used in the breeding season of 1910, having been 
hatched in 1909. He proved not to be all that might be desired 
as a breeder, being somewhat lacking in vigor of constitution. 
Partly on this account, he got comparatively few adult daughters, 
as indicated in the following breeding history. 

Matinyti: A. Witli 5 9 9 indicutod to be of class 1 = fLiL^ . Fiji, 


9 Progeji]! 


[t'l /(./(■?“ Frodudion: 

Orcr 30 

Under 30 

Zero 

()l)s('rve(l 



0 

Expected 

5.5 

5.5 

0 

Mean win for production of 9 9 




ill iiiflicutcd class 

47 . 50 cpgs 

1.5,07 eggs 


1. With 2 9 9 indicated to of 

class 2 = JL,L, 

. FL,h. 


0 

Progeny 



irOder Froduciion: 

Over 30 

Under SO 

Zero 

Observed 

4 

0 

0 

Eipecled 

4 

0 

0 

Mean winter production of 9 9 




in indicated class 

49 2.5 eggs 



t With 1 9 indicated to be of class 3 = fLik , FUh, 


9 

Progeny 



n'f/dcr Frodudion: 

. Over 30 

Under SO 

Zero 

Observed 

2 

1 

1 

Expected 

2 

2 • 

0 

Mean winter production of 9 ^9 




in indicated class 

55.50 eggs 

16.00 eggs 

0 eggs 
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All ‘9 Progeny 


rrodiidion: 

Over SO 

30 

Zero 

Qbserved 

lOi 

7\ 

1 

Expected 

11.5 

7 5 

0 

Mean winter production 

40 80 

IT). 71 

0 


,The zero bird here is an exception for which no apparent (‘x- 
])lanation is forthcoming. She was not pathologic-al. She was 
liowevor a June hatched bird. Unfortunately site was not bred, 
and therefore it is not possible to be sure of licr gametic constitu- 
tion. In spite of the fact that the total numl)er of progejiy here 
is small, there is little doubt of the correctness of the (‘lassihcation. 

The mean productions for birds in the ‘Over 30’ class in the 
several matings are comparatively a little lower than those of 
the progeny of other class 7 males. It is interesting to speculate 
as to whether this may be connected with the lack of givat vigor 
oh the part of the sire. iVo data are available from which t(» 
get critical evidence on this point . 

' B.P.R, cf' 56. Indicated constitution = JUL 2 ■ 

This bird was purchased in January, 1908, from Mr. (\ H. 
Welles of Stratford, Conn. It came from a strain of llarred Rocks 
well known in the show-room, but not specially l)r(Hl foi* ('.gg ])ro- 
duction. This fact is of interest in connection with tlie breeding 
history of the bird, which indicates clearly that h(^ was liomo- 
zygous with respect to U 2 . The result shows, in other words, that 
a male Barred Rock from a strain bred purely for the faiK'V may 
still carry in pure form the factor for high egg production. 

This -male bird (56) was bred two seasons (1008 and 1909). 
The first year he got but very few adult daughters, owing to the 
unfavorable conditions under which all the breedijig had to be 
done in 1908 (cf. Pearl and Surface 35). In 1909 the results 
were better. The adult daughters from both seasons are taken 
together in the following breeding history. 
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Maiin(j!i: Witho 9 9 indicated to be of r lass 2 = FL^U, 


9 Progeny 


Winter Produciion: 

Over 30 

Under SO 

Zero 

Observed 

.... 7 

0 

0 

Expected 7 

winter prcKlnction of 9 9 
in iitflicuft'fl cla.^s u1..j 7 eggs 

0 

0 

b With 4 9 9 indicated to be of class 3 = /Lib ■ 

9 Progeny 

Fhh. 


Winter Production: 

Oi:er 30 

Under 30 

Zero 

Observed 

It 

4 

0 

Expected 

Moan winter production of 

6.5 

9 9 

6.5 

0 

in indicated class 

. . . . 50.89 eggs 

19.50 eggs 


:. With 2 9 9 indicated to bo of class G = fPLo 

. FlAi. 



9 Progeny 



Production : 

Over 30 

Under 30 

Zero 

Observed 

0 

:3 

0 

Expected 

Meaii wiritf'r production of 

0 

9 9 

3 

0 

in indicated class. . 

All 9 Progeny 

13. G7 eggs 


Winter Production: 

Over 30 

(Jyider 30 

Zero 

Ob.scrvcd 

l(i 

7 

0 

Expected 

.3 5 

9.5 

0 

Mean winter production 

.55.87 eggs 

17,00 eggs 

0 


The agreement between observation hnd expectation here is 
atisfactory, excepting the case of the class 3 females. There the 
(icviation from the expected half is wide, but the numbers iin 
volved are small. The behavior of o' 56 with class 2 and class 6 
females gives clear indication of his gametic constitution. 

B,P,R, c" odd. Indicated constitution = fhL^ . fliL 2 . 

This bird was hatched in 1909 and used as a breeder in 1910. 
He was an exceptionally fine, vigorous bird. The breeding his- 
tory is as follows: 
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A. With 6 9 9 indioatocl to hp of ] 

L - ./'ATo , Fid:. 


9 

Progeny 



Winter Production: 

Orvr 30 

Undt r .30 

/.no 

Observe^d 

11 

11 

1 

Expected... 

11. » 

11.0 

0 

Mean winter production of 9 9 , 
ill indicated clauss 

(id 09 e^^s 

IV. 91 0 


]i. With 5 9 9 indic.atcd to be of 

class 2 ^ JLiL, 

. Fiji. 


9 

Progeny 



irOi/cf Production: 

(her 30 

Fuller .>0 

Zi ro 

(')bserved 

IS 

1 

n 

Expected 

Moan winter production of 9 9 

10 

0 

0 

in indicated class 


1 .00 (Tfrs 


All 

9 Progeny 



Winter Production: 

Orcr 30 

I'mler .10 

Zero 

Ohesrved 

29 

12 

1 

Expected 

30.5 

11.5 

0 

Mean winter production 


1()..")0 (‘^-s 

0 e[u>;s 


Aside from the two outstanding exceptions the a{>;r(MMiUMd 
between observation and expectation is excellent. From the 
records available there is no evident explanation for the two (excep- 
tions (the* ‘Zero’ bird in the A mutinies, and the ‘ Ihider 3d’ bird 
in the B matings). Neither of the birds wein Invd, and hence 
no help is to be had from the progeny in explaining them. It. is 
reasonable to suppose that the observed na-oixls for I h('s(‘ l)ii’ds are 
somatic fluctuations, but tlds cannot be demonstrated now. This 
case illustrates an unavoidable dithculty whi(‘h attemds thah 
method of work which first collects data at random and without 
any theoretical guide, and then later undertakes their amdysis. 
If one had been carrying on the breeding in the pmsent case under 
the guidance of the hypothesis as to the nu'chanism of tin* inherit- 
ance of fecundity now under discussion, obviously many matijigs 
which actually were not carried out would iuue l)een made to 
test out somatically exceptional individuals ami so learn their 
gametic constitution. 
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B.P.R. d DSl. Indicated constitution = fiiL^ . /I 1 L 2 . 

This rather remarkable bird was used as a breeder for tnrec 
successive years, and then retired merely because no more of his 
‘ progeny were iioodcd, and not for any evident diminution of 
vigor on his part. This bird* was first bred as a, cockerel in the 
spring of 1908 (hatched in 1907).. All that was known of his 
ancestry was that he was the son of a hen that had laid 200 or 
more eggs in her pullet year. Some 'notion of the vigor of c 
D31 as a ijreeder may be gained from the fact that^ taking all 
three seasons together and including all parts of the breeding 
season in eaclx year, 89.4 per cent of all the eggs laid by hens mated 
with him were fertile. This is an extraordinarily high record, 
considering all the circumstances, and particularly the seasonal 
* and housing conditions. So far as concerns adult daughters the 
breeding history of this bird is as follows: , 


Mdfings: A. With!) v 5 indicatt'd (o b(' of 1 - (LiLi . Fhh. 

9 Frogen g 

WittU r J’rodurlion: Over SO , Under 30 Zero 

OhscM-vod 104 lU 0 

Expected 11 11 0 

• Moan wilder production of 9 9 

in indicated class 4S.40 eggs 15.73 eggs 


^ B. WithS 9 9 indicated to be of class 2 = fLiL 2 ^ FLiU- 
9 Proge?iy 

W'liilcr lO'odiiriion: Over 30 Under 30 Zero 

Obsoived 272 2^ 0 

Expeclcd 30 * 0 ' 0 

.\ri'an winter production of 9 9 
in indicated class. 54.96 eggs 17, (W eggs 

C. With S 9 9 indicated to be of class 3 = fUh . FhU. 

9 Progeny 


Winter Producdon: Over SO Under 30 Zero 

Observed 14 15 1 

Expected 15 15 0 


>rpan winter production of 9 9 
in indicated class 


41 93 eggs 12.20 eggs 


0 eggs 



inherA\.nce op fecundity 199 


1 ). tWith i 9 indicated to be of class 4 = /Lj/j . FLJi. 

9 Progeni/^ 


Winter pToductio7i: 

Over flO 

Under 30 

/ato 

Observed 

T) 

0 

1 

Expected 

6 

0 

0 

Mean winter prodvietion of 9 9 




in indicated class 

119,40 


0 eggs 

•UJ 

9 Pi^^geny 



g’Diicr Producliun: 

0*ver 30 

Under 30 

Zero 

‘Observed 

57 

29 

2 

Expected 

62 

26 

0 

Mean winter production 

48.1(3 e(];Ks 

13 81 eggs 

0 e^rgs 


Besides the families noted above D31 got one adult daughter 
by each of two other females. Both these daugliters liad a winter 
record of zero eggs and were apparently pathological. In any 
event it was impossible to form any judgment as to their gametic 
constitution or that of their dams. 

The general agreement between observation and exj)ectation in 
this large progeny group is clear. The apparent exce]hions to 
gametic expectation need some discussion. In tlie B matings 
(class 2 9 9 ) the record shows 2 | in the ^ Under 30' class where . 
none is expected. Actually out of the 30 indi\dduals from these 
matings only one daughter laid fewer than 30 eggs in the winter 
period. There were, however, 3 individuals which laid exactly 
30 eggs in this period. So, in accordance with the convention 
adopted at the beginning, the record of 2| is made up as follows : 

1 + J J + I . = 2 J. -The one bird under 30 with a record of 17 * 
eggs was late hatched and probably represented a somatic fluctua-' 
lion. This bird was bred, but unfortunately got no offspring. 
Her eggs were nearly all fertile but the embryos died during iiuan 
bation. 

Of the two birds with a zero winter record it may be said that 
one (E96) was pathological, and on that account failed to lay. 
Tile autopsy on this bird, which died April 13, 1909, showed that 
it must have been functionally deranged for a long time priK-eding 
death. Yet there was clear evidence of functional activation of 
ovary and oviduct at some time before death. In this case the 
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bird without question carried either Ly or (or possibly botlii 
and tiio reproductive system started to function in the normal 
\^ay and br’inji; to somatic expression these gametic factors. But 
[)efore tliis could be done the diseased condition of the organs 
bnmght the bird as a whole into such a c-ondition of reduced vital- 
ity that egg production was impossible. 

The otiu^r bii-d’s zero record is probably a somatic fluctuation 
from an Thider 30’ hereditai^' constitution. She began laying 
very shortly after the end of thh winter period. 

It is of interest to note that the mean winter productions are 
rclat iv(i>" ratlum low for the ‘ Over 30’ classes in all matings. The 
(‘ontrast between y D31 progeny and that of y 563 (vide siiijrai 
in tins respect is striking. This matter will be discussed in 
detail later. 

Summary and discussion of matings of class 7 Barred Plymouth 
Rock males. Having now^ presented in detail the evideiice 
respecting the matings of class 7 males with various types of 
females it is desirable to collect and summarize this material. 
In tables II to 16 inciiisivo are given the assembled results of all 
matings of certain particular types. It will be understood that 
these are all pure Barred Hock matings and represent the summa- 
tion of the data previoiish'’ given. These tables give the tola) 
numl)ei-s of difl’erent males and females from which data were 
olitained in each class of matings, as well as the classification of 
the adult female progoru' in respect to fecundity. 

TABLE Jl 

Shotving the results of all matings o f class 7 X elass 19 9 

fUL^ . fhU X (LiL, . Fhh 


N'CMUKKOF INDIVIIJ- 

TAI.S IWOI.VKl) IN WINTF.R KCd PltODL'CTlOX OF ADL'I.T DAUGHTEKS 

M ATIXCS OF THIS TVi’K 


(fo' ’ ? 9 CIjiss 

<>v<‘r30 Under 30 

7 Total ad nil 

Offsprln:: 

10 7n Obsorveil 


7 205 

Kxpecial 

iOi.5 101.5 

0 

Moan \viiitor('gg production of 



.all daughters in designated 



class 

51.10 eggs 15.52 eggs 

0 eggs 
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TABLE 12 

Shoicing the results of all malings of class 7 c'c" X class 2 9 9 
fhL, . fhL, X fL:Li . FLf, 

•her OFINDIVID- 
\I S ISVOtVED IN 
OK THIS TYPK 



9 9 

Class 

OvpT 30 

L'li.lvr aI.I 

Zero 

Tot:iln.iuli 9 



. .... 




[itTspniit.’: 

0 

38 

Observed 

111 

li 

0 

117 



Expected 

117 

0 

0 



Mrari winter egg production of 
all daughters in designated 

.•lass 50.47 eggs 20. lid eggs 

TABLE i:i 

■ _ Showing the results of all juatiugs (f class 7 c' S X C/dN.s- d 9 9 

fkL^.fhUXJLiF.Fhl, 


WINTER EOCi PRODirC'TlON OE AtH'l.T DAEGHTI 


NEMHER of INDIVID- . 

I'.Alii INVOLVED IN ^ WINTER EGG FHODlCrinN Or .Abl'I.T D AT GlITEKS 

.M .ATI.NGS OF THIS TYPE 


e’e? 

99 

Class 

Over 30 

Under 3(] 

5 

19 

Observed ! 

29 

23 



i Expected ■ 

27 

27 


Mean winter production off 
all daughters in designated 

class j 47.93 eggs 15.30 eggs 


I’ciijil {i.luli 9 
offisliritic 

2 54 

0 


0 


eggs 


TABLE 14 

Showing the results of all inatings of Class 7 cfcf' X Class 4 V 
fhl2 . fkkz X fJal2 . FLJ, 


Sl MBEll OriNUlVm- 

r.AT.S INVOLVED IN WINTER EGG PRODUCTION OF .ADULT D.Al GliTEHS 

M ATlXGjj OF THIS TTJ>E, 


9 9 

Class 

Over 30 

Under 30 

Zero 

Tijl:il ;idul1 9 
iiffsprinc 

2 3 

Observed 

9 

0 

1 

10 


Expected 

10 

0 

0 


•Mean winter egg production of 





all daughters 
class 

in designated 

1 39,50 eggs 


0 eggs 
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TABLE 15 

ShoiL'uiQ the results of all matings of class 7 cf o' X class 6 9 9 
fl-ilj2 .fhLi X fliL2 ‘ Plili ■ ■ 


NL'MHKK OK IM^IVIU- 
fAI.H IVVOl.VKD l,V 
WATINOS OKTHJH TYIO 


WINTER EGO PRODCCrrON OF ADULT DAUGHTERS 


Over 30 Under 30 Zero 


Total Adult ,■ 
offsprinE; 


11 Observed 

‘ Expected 0 


16| 0 18 

18 0 


Mciin wiiiterejrg [jrfxiuetion of 
uU daught(!rs in ile.signated 

class 48,00 14.44 eggs 


^ The record of tiie single 'Over 30’ bird. 

TABLE 16 

Ehatt'iuxj the results af oil matings of class 7 (f(f ivith all classes of 9 9 
Ccneral Sum mar]/ 


NUMREU OK ixniviu- 

IIALA IWOl.VLD l.N WlNTEIt LttG PRODUCTION' OF ADULT DAUGHTERS 

MATINGS I>K TIIISTYPK 


d'd' 


('!a.ss 

Ovpr 30 

Under 3(J 

Zero 

Total adult 
dIT.spring 

n 

• lie, 

Ob.'^erv^'d 

‘243.0 

140,0 

10 

‘ 402 



Expected 

255.0 

lliG.B 

0 



Mean winter egg production of 
all daughters in designated 

class d3,(>7 eggs lo.d? eggs 0 eggs 


From those taljlos the following points would appear k) bo 
definitely established : 

1, The numbers of differetit individuals used as parents in these 
matings and also the numbers of adult daughters obtained from them 
are great enough to give an adequate test of the hypothesis under 
discussion. In other words^ we are not dealing here with the 
results of a few matings, and a small offspring series. One hun- 
dred and forty-six separate and distinct matings to test out males 
of one gametic constitution must be regarded* as an adequate 
number. 
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2. The evidence for a definite and clcan-ad segregation of high 

lou^ fecitndity in gametogenesis is clear, and indnbit- 
The expected proportions of hi^li producers and low p-o- 
diicers are closely realized in all tlie different types of niatiitj^s. 

3. Furthermore, the mean egg productions of the bii-ds in the 
several gametic classes are widely sejia, rated, showing that the 
segregation is of perfectly distinct pliysiologic'al ent it ies. Refined 
biometric tests are not necessary to show that the I>irds carrying 
high fecundity hereditarily lay nafre than those witli low fecundity 
hereditary factors. The birds in the ‘0\’er 30' class Inu'c aver- 
age winter productions from three to fire limes grtwter than those 
of bird^ belonging to the ^ Under 30' class. 

4. The agreement between observation and expectation for 
the several typcs.of mating is as close as could be expected con- 
sidering the nature of the material. The only discri'pancy of 
note is caused by the 10 birds with zero iT(‘ords, where none are 
expected. In the detailed discussions in connection Avith each 
mating it has been shown, however, that nearly all of these 10 
cases, when studied individually, have a physiological explana- 
tion, which makes it impossible to I'egai'd them as real excejdions 
to the gametic expectations. A determination might be made of 
the ‘goodness of fit^ of theory to observation })y Pearson’s (42) 
method, were it not for the fact that that method cannot be 
applied to cases like the present.'- 

Tlio difficulty lie.s in the fact that Pcaisoii's test depends a variable 

>nr j 

where iHt is the theoretical frequency and wh the ob^icrved. Xdw f)bvi()n.‘^ly in 
any distribution where even one ?«r ii’ z;ero, the value of X'- niust l)e inlinit y, what- 
ever may be the values of the other ?nr's or j/eh’s. That is, if the t lieojetically 
expeplcd frequency on any base element Is numerically zero t ho ])ro}>ability against 
the whole curve becomes infinite. Thus, for o\'ani])le, suppose a .sy.stein of fre- 
quencies like the following, a type whieli is couiinually arisiitg in Mendi'iian work. 

Class 1 - -1 1 •’ 

Theoretically expected frequency,, . ot).^ 827 b.S 0 !)fi 

.Actually observed frequency 5'J4 S2S 07 1 1)0 

^o^v, it does not need a mathematical measure of any kind t«) t(dl one that in 
this case the theoretical and actual distributions arc in very close agreement. 
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Further discussion of various points brought out by these 
tables is deferred to a later section of the b^^per. 

Matings of Barred Plymouth Rock inales of class If, 

!Males of class 4 have a gametic constitution /LiLo . ilfi,. 
That is, they are heterozygous with respect to both fecundity 
factors. Among the progeny arc to be expected high, low and 
^ei’o winter la}'ers. Four male birds of this genotypic constitu- 
tion have been used in tlie breeding experiments. Their records 
follow. 

B.P.R. <j o(>9. Indicated constitution = fLJj^ . flik. 

Tliis male was liatcKed in 1909, and bred the following year. 
His breeding history was as follows: 


A. 1 9 iiulic-atcd ti 

9 

\\ ntU r I^rixhidiou,: 

( )hsorv(Ml 

Expvi'kd 

Mean win U'l' production of 
9 9 indicated cirnss 


) be of class 2 = jLJj^ , FL^U. 

Frog eng 

Over SO Under 30 Zero 

2 0 0 

1 1 0 

07.00 


Yet, because tlic IhvoriiicdJ frequency on class 4 is zero, the probability by Pear- 
son’s test is liU'raily infinite a(jaiu><t the observed distribution being regarded as 
a random sain])le of a po])iilation distributed in .accordance with the theoretical 
frequencies. IVarson (loc. cit.. p. 104, footnote) had indeed himself noted what is 
essentially this same difheiiity in using the test on ordinary frequency distribii- 
tion.-^. 

The point noted obviously limits greatly the applicability of Pearson’s test, 
and in a ino.st unfortunate direction. Tests of goodness of fit are much needed in 
Mendeliaii work. But it is just liere that classes whore the theoretical frequency 
is zero often ocenr. To determine tlie probable error of the individual frequency 
in mcjisuring the goodness of fit of iMendelian observation and theory, as was first 
practise<l by Weldon (o2) and later by Johaniisen (21) and by Mendelian workers 
generally, docs not ai)pear to the writer to be an altogether sound procedure. It 
fails to take account of the correlations in errors amongst the several frequencies. 

et thes(‘ are just as important and just as certainly existent in aMendelian ‘c.ate- 
gorv type of distribution as in the ordinary variation polygon of a continuously 
variable cliaracter. Tliis point I have alluded to elsewhere recently (Pearl, 32). 
Pearson's test covers this point, and were it not for the other difficulty noted above 
wouhl be much more widely useful in Mendelian work than is actually the case. 
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ji, VVith4 9 9 indicated to be of class 0 = //i/,., f/,/,. 


9 ProQi^nij 


irUder Production: 

Over SO 

I'uder 30 

Zero 

3 

Observed 

2 

11 

Pxpected 

Mean winter production of 9 9 

2.7o 

5.6 

2.75 

in indicated class 

75.00 eggs 

7 3:> eggs 

0 eggs 

('. With 4 9 9 indicated to be of class 1 = fLiL-: 



9 P 

'rogcni/ 



ir/n/cr Production: 

Orer 30 

(’ndi-r 30 

Zero 

Observed 

o] 

Id 

\ 

Expected 

Mean winter production of 9 9 

4-9 

h' 5 

1.0 

in indicated cli^ss 

44.t»0 eggs 

S (X) eggs 

0 eggs 

D. With 3 9 9 indicated to be of ch 

1S8 4 = f/.,C . 

. FLdi. 


9 I 

^rogentj 



Winter Prod act i on : 

Over 30 

(Aider 30 

Zero 

Observed 

3 

3 

0 

Expected 

Mean winter egg production of 

3 

3 

0 

9 9 in in<licatcd class 

45 33 eggs 

7 33 eggs 

0 eggs 

AU 9 

Proge.nij 



Winter Produclion: 

Over 30 

Cndvr 30 

Zero 

Observed 

Vl\ 

WA 

4 

Expected 

11.06 

W 

4.35 

Metin winter production 

5:h5S eggs 

7,(10 ('ggs 

0 eggs 


The agreement between olu^ervatioii and ex[)eetatinu is jihiinly 
very close here. The three fecundity classes are repn^sentt'd and 
in proportions as near to those indicated by hyi)othesis as could 
be expected, considering the numbers intoh ed. 

B.F.R. cf" 96'6'. Indicated constitution = fLiL-> . fliL 
This bird was used in the breeding pen in the season of 
having been hatched in the spring of the previous yt'ar. Ilis 
sire was & D556, a class 4 male to be takem up latei*, and his dam 
a class 2 female. His breeding history was as follows: 
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yiaiings: A. With 5 9 9 indicated to be of class 1 = /LiLj . Flih. 


9 

Prooeny 



Winter I'roduclion: 

Over 30 

Under 30 

Zero 

Observed 

4 

8 

2 

Expected 

. 5 2 

7 

1.8 

Mean winter Ofif; production of 

9 9 in indicated class 

do a) eggs 

20., 50 eggs 

0 eggs 

B. With 0 9 9 inrlicatcd to be of c! 

[mss 2 - /AiLo . 

ELd,. 


9 

Progeny 



Winter Proditclion: 

Over 30 

U nder 30 

Zero 

Observed 


6 

0 

Expected 

7.5 

7.5 

0 

Mean winter ejigs production of 

9 9 in indicated class 

50.44 eggs 

11. Sd eggs 

0 eggs 

Alt 

9 Progrny 



Winter Production: 

Over 30 

Under SO 

Zero ’ 

Observed 

Id 

14 

2 

Expected 

12.7 

14.5 

1.8 

Mean winter production. . . 

45, (id eggs 

10.79 eggs 

0 eggs 


Here ap;ain the agroeinent between observation and expecta- 
tion is A^ry close, quite as close as could be expected with the 
numbers involved. The mean production (jf the 4 birds in*the 
^Over 30’ class in tiie A matings is low. 

B,P.R. r-; D35. Indicated constitution = /L 1 L 2 . fUk. 

This bird \vas otic of the original males with whicJi the present 
breeding exj)eriments were started in 1908. The only thing 
known^about his ancestry is that he was the son of a hen laying 
200 or muie eggs in the year. He got only a small adult female 
progeny, and was used as a breedo]’ only one year. His breeding 
record follows. 

Mdlifujs: With 4 9 9 indiented tu 1 k‘ uf class 1 = JLiLi . FIJ2 


9 Prvijcnn 


H inter Production : 

Over 30 

Under 30 

Zero 

Observed 

■3 


1 

Expected 

Mean wiidi’r production of 9 9 

3.4 

4.5 

/./ 

in indicaUnl class 

58.07 eggs 

1-5.20 eggs 

*0 eggs 
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j-. With 2 9 9 indicated to be of cla^ss 3 = flJi . Flily. 


9 Pro(/i’(iy 


Winter Produdion: 

Orcr 30 I'udirdO 

Zero 

Observed 

2 ►, 

0 

Expected... .* 

2.6 3 6 

0.9 

Mean winter production of 9 9 

in indicated class 

37,-50 MUlb ciigs 


, With 1 9 indicated to he of class-! = fidi . FLd'. 


9 

Progeny 


ICjn/er Production: 

Ova' 30 V ndi r 

Zero 

Observed 

2 

(t 

Expected , 

> ) 

0 

Mean winter production of 9 9 

in indicated cla^s 

■10. oO cj;gs 23,0(1 eggs 


All 

9 J^rogeny 


lUf fj fer Product io n : 

Ova- 30 ('ndrr30 

Zero 

Observed 

7 12 

1 

Expected 

S 11) 

2 

Mean winter production 

47,43 eggs 10,20 eggs 

0 (‘ggs 


While the families in this case are small, the evidoiK'o of sc^gre- 
sation in about the expected proj^oi- lions is clear. 

(S' 556. Indicated constitution = fLiLi , jUU. 

This male was hatched in 19US and used in the breeding pens 
in 1909. He proved a good breeder and got a fairly large number 
of adult daughters which were tested in respect to fecundity in 
the laying year 1909-10. As noted above he was the sire of class 
4 s 566. The breeding history of c' 556 follows. 

^(atings: A. With 4 9 9 indicated to be of cluSis i = //viA; . FIJz. 


9 Progeny 


Winter Prod->iction: 

Under SO 

Over SO 

Zero 

Observed 

Sk 

m 

4 

Expected * . 

8.6 

11.0 

2 9 

Mean winter egg production of 




all daughters in indicated 




class 

43.75 (‘ggs 

19.00 eggs 

0 eggs 
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\^ With 0 9 9 indicated to be of class 2 = /L1L2 . FLiU. 


* 

9 Progeny 



Winter Production: 

Over so 

Under SO 

Zero 

Observed 

10^ 

10| 

0 

Expected 

id. 5 

iO.5 

0 

Mean win for of:;^ production of 



all daughters in indicated 



class 

47.00 eggs 

19,60 eggs 



All 9 Progeny 



Winter f*roduciion: 

Over 30 

■ Under SO, 

Zero 

ObsorvtMl - - 

19 

21 

4 

Expected 

19. 1 


2.9 

iMoan winter production. . . 

40.00 eggs 

19,00 eggs 

0 eggs 


Tlu' agi’oeninnt here between observation and expectation is 
indeed remarkably close, and with a fairly large progeny. 

Summary of results of all matings of class 4 males. Proceed- 
ing as befoi'e w^c may bring together here the results for each par- 
ticular gametic combination taking all individuals together. 
AVhile class 4 males were not used as often in these experiments as 
those of class 7, still the numbers involved are sufficiently large 
to give (piitt' definite evidence regarding the segregation of fecun- 
dity factors. 

TABLE 17 


Shnrtug ihc results of all matings of class 4 cT’cT X class t 9 9 
flj\Jj'i . J Ill's X jFiTj't . mf-i 


NTMUKH INljiVID- 
T’AI.S IN'Vfll vr;n 1\ 
MATIN«fi OFTIUS TYTK 


WINTER EGG PRODTCTION OF DAUGHTERS 


d'd' 

9 9 Cl;\S3 

Over 30 

CiHkr 30 ! 


4 

17 ()l)serv(M:l 

21 

30 

8 


Expected 

22.1 

29.5 

r.4 1 

Mean winter egg product ion of 




all 9 9 

in indicated class, . ^ 

IS, 85 eggs 

16,34 eggs 

0 eggs 


Total adult ? 
progeny 


59 
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TABLE IS 

Shoinn^g the resulU of all matings uf class S ' X class 2 9 9 

fL,L2.fhh XfU}.,.FU.: 


V MBFROFINOmn- 

. ^[S INVOLVED IN' 

. , vti NOS of this TYPE 

WINTEH EOH 

I’ROm CTION OF 

n.AVOHTKIl.S 

9 9 Class 

Over 3rt 

t’lidi'r :-!0 

•|■..t:ll ndult 9 
I'roiH'iiy 

3 10 Observed 

21 

Hi. 5 

0 3S 

Expected 

J9 

It) 

u 

winter production of all 

9 9 in indicated class 

50, 3S cgtts 

10.(19 I'gg.s 



TABLE 

19 


Shon'ing the rcsulis of all matings of class 5 S' S 

• X class 4 9 9 

/L.L, . fld,XfFJ,. Ffoh 


VI mhf.r of i\nivii>- 

ro.s INVOLVED IN 

M A I ! NOS (IF THIS TYPE 

AVINTEIi ECC 

PTlOltri-TidN OF 

t' vi iin ri'.its 

cf'.j’ V 9 Class 

Over .30 

rjj(i(‘:' '.V) 

T<ii:ihuliill 9 

2 4 Observed 

r, 

5 

0 10 

Expected 

5 

5 

0 

Alcan winter production of all 

9 9 in indicated class 

-13.10 eggs 

13 no eggs 



'I'AHLK 20 

Shou-in,g the resnlh of all niatuajs of class S S ^ classes of 9 9 
(ie nc ca I S u min tinj 

NrMRKROS'INDlVII>- | 

I'AU INVOLVED H4 ; ‘ WIXTEK 1:<;G PRODVCTIOX OF D WUllTEItS 

m ati.nc;?? of this tti*e 

.''o' 9 9 Chiss Ov«r so ruder 30 Zero ^"pruiiei 

4 43 Observed ol-' 11 12 a 

Expected 51 ti2 .5 11.05 

Mean winter production of all I 

9 9 in indicated class I 47.94 15.34 0 egi^s | 
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No closer agreement between observation and expectatio;i 
than is here shown could be expected. The results of the mating < 
discussed in this section confirm completely the general conch:- 
sions reached above from an examination of the matings of cIuns 
7 males. 

Matings of Barred Plymouth Rock uiales of class 3. 

Males of this class have a gametic constitution fLiLz ■ fhL:. 
That is^ they are immozygous with respect to the second,' or ex- 
cess, prodiicti(jn factor, and heterozygous with respect to the first. 
Two males of this type were used in the experiments. 

B,F.R, & 65. Indicated constitution = fL^L^ . fhL>. 

This niale was purchased in 1908 from Mr. Wesley B. Barton, 
Dalton, Mass. Xothiug is known of his breeding so^far as con- 
cerns fecundity, but in all probability no particular effort towards 
breeding for high egg productiveness had ever been made in the 
stock from which he came. He was bred as a cockerel in the 
season of 1 908 with the results set forth below. 


Matingi^: A. With 1 9 LiidicaUMi (d of class 1 - /L 1 L 2 ■ ^'Uh. 


Q 

]*e<)(jcii}j 



U'Oiter Prod actio/}; 

Oecr 30 

Under 30 

Zero 

Observed 

7 

1 

1 . 

Expected 

6.7.5 

2.25 

0 

M<‘an winter production of all 




Q 9 in indicated class 

53 , 00 eggs 

19.00 eggs 

0 eggs 

, wo!^i 9 indicated to he of class G = jUL-i . FlJz. 


9 

Progeny 



ir/rder I^rodaction: 

Orccr 30 

Under 30 

Zer^ 

Observed 

2 

3 

0 

Ex pec led 

2 5 

2.5 

0 

Mean winter protluetion nf all 




9 9 in indicated class 

37. 00 eggs 

18.67 eggs 


Ml 

9 lO'ogeny 



U’i?der Produeiion: 

Over 30 . 

Under 30 

Zero 

Observed 

0 

4 

1 

Expected 

9.25 

4.75 

0 

Mean wipter production 

49.44 eggs 

18,75 eggs 

0 eggs 
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111 this case, while the number of successful matings was small, 
tl'ic families were relatively lar^c. To the cas(^ of - set ildwn 
h(>re as probably of class (>, it should he said that this conclusion 
to her gainetic constitution is reached fi-om a, study of ]\er 
n;uighters' and granddaughters’ bohavio]'. Her own winter egg 
ivcord was 33, which on thjs view is regardcal as a somatic Hiielua- 
{ion from the Li (Under 30) class. 

B.P.R-*d' 68. Indicated constitution ^ /Ai/.j . ' 

As in the case of a" 65 nothing is known regarding (he breeding 
of this bird, it having been pureliased from Air. (ha). Ilillson, 
of Ameuia, N. Y., early in 1908, It was bi(Hl as a eock(‘r(‘l the 
same season. The only matings to get adult daughters were 
tliose with Class 1 females. The breeding histoiy is as frillows* 


M(tlin^s: A. Witli 4 9 9 indiculod to Ije uf flass 1 - fLiL- Flii:. 


All 9 Progeny 


Wirder Production: ' Occi' SO 

Observed Tl 

Expected IS 

.Mean winter production of all 

9 9 in indicated elasf?cs ;Y! ,n() 


I 'ffdn' SO 




/,ru 


u 


0 




Tl\e facts regarding the two zerf) birds licre ai‘(‘ of intort'sl. 
According to theoiw no bird of this class should ap))ear from any 
of these matings. One of tliese zero Itirds. hi 92, Inid her first 
egg Alarch 4, 1909, and proved therealtt^', during tie* n'produe- 
tive period (Alarch 1 to June 1) to be a fairly good la>an‘, with a 
totall|n‘oduction for the i)criod of 51 eggs. 

- Hbr layinj^ during this ami the subsequent siiinimn' period both 
in respect to its amount and its distribution, improsst's om^ as 
like that of a bird carrying Li, rather than like that of a. ‘gametic’ 
zero winter layer lacking this factor. 1 am of the opinion that 
this was the ease. This bird, on such a view, would represent an 
extreme physiological variant in respect to tlie beginning of lay- 
ing. While,apparently bearing Li this factor did not come to 
(•xpression until much later than under noi-mal circumstances. 

The other zero bird was pathological in I'esjiect to lau* re})ro- 
ductive organs. She never laid an egg and died JiibylG. 1909. 
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Tho autopsy record is as follows/plainly showing that the zero 
record of this bird cannot be taken as any indication whatever 
of her gametic constitution in respect to fecundity. 

Autopsy of }'] 318, July IG, 1(K)9. Body \voight, 1730 grams. Hatched 
.31, 1908. Oviduct siriall: parts of it contained masses of hardened secrcli.jii. 
Ovary uitli lU) largo oocytes. One small yolk ra.sorbing. Body cavity filled with 
rnas.ses of liard >'olk enclosed in peritoneal sacs. Some of these masses were snjuli 
and attached lo mesentery. Some were large. A large mass filled the dorsj 
pjirt of body cavity on left side pushing over by a neck and connected by this wiiji 
a similar mass on right side. This was partly hollow and in the cavity the sur- 
face wa.s cov(u-ed with a fruiting fungus resembling Periicilliura. The pmtoncum 
covering tin* masses of hard yolk formed adlicsions with the viscera so that the 
int(“stiiie and oviduct were a bundle of atlhe.sions clinging to these yolk masses. 

It is only p()ssi})lo to summarize separately class 3 cT malitigs 
. for class 1 females. This is done in tabic 21. 


TABLE 21 


Sfiiiiriiiij the reeuU:i of n!l of doss 5 ef'd' X cltiss i 9 V 

. ffL, X floL, . Ffh 


i\vtir.vi:i) IN 

MAITNUSOK riMh TV VIC 


yvixTi'K kik; 

CHOI) ITT ION 01’ 

DACtiHTEHS 


oNf ' V 


Ovt'r.'lO 

Undt^r 30 

Zero 

Total iidiilt 
progeiiv 

2 

()l)scrv(‘d 

Kj'pccted 

20 

21.75 

G 

7 .25 

' 3 

0 

29 

M('an wintcT production of all 

9 9 in imlicattal class 

oG.lK) eggs 

24.17 eggs 

0 eggs 




TAin.E 

22 



Shu in 11 ij the 

rc’.si//hs of all vf closes 3 0^0^ uith 9 9 of all danses 

MOIHKR fU' INUIVin- 

i: M..*; in- 

mat r n f.s ( u' T 1 1 1 s [■ y 1 • >: 


wixtkr egg 

rRODCCTIO.X OF 

DAUGHTERS 


a'’ o'' V i 

Cl:i>s 

Over ;i() 

Under .10 

Zero 

Total 

pro 2 ;eii\ 

2 ' G 

( Ibse rved 
Expected 

22 

24.25 

9 

9.75 

a 3 

0 ' 

34 

Mean wiiiler i)roduetion of all 
9 9 in indicated class 

00 . 09 eggs 

22.33 eggs 

0 eggs 




INHERITANCE OF FECUNDITY 


•218 

All matings of class 3 males are suiiunarized in table 22. 

Tlic evidence for. the segregation of high and low fecundity, 
as measured by winter egg production is i\\n\v. as dear from the 
matings of class 3 as from those of cla.ss 7 or class 4 pre- 
viously considered. 

Matings of Barred Plymouth Pock males of class 2. Four males 
of this class were used in the experiments. Xone of tluun got 
a large lutmber of adult daughters. It will be noted from table 
() that males of this class (gametic formula ./Xih. . //.jF) should 
produce daughters with winter records 'Over 30' and •L'nder30’ 
in equtfl numbers regardless of the tyjK^ of females with whi(‘h the 
mating is made. The only basis for classifying the females in 
such matings is then the breeding behavioi' of their pi-ogeny, atid 
particularly their daughters. 

B.P.P. cC 32, Indicated constitution ^ fL\k- . Jf.Ji. 

This male was hatched from Station stock in th(‘ spring of 
1007 and bred in 1908. Xo thing is known of his ancestry except 
that his mother was a '200-egg’ hen. His bi-cf'ding liistory fol- 
lows: 

Mftlings: ‘A, With 2 9 9 indicated to be of class 1 - jV.iU. . I-'IJ:. 

9 Protjcng 

Winter Produclion: Over 30 

Observed 4 

Expected 3 5 

Mean winter production of all 

9 9 in indicated class r)2 .'lO 

• 

R.P.R, cf 57. Indicated constitution - fLiL^ /hih. 

This male was purchased from Pine Top Poultry Fanii, Hart- 
wood, X, Y. in 1908 and bred as a cockerel that year. 

Mdiuigs: A. With 2 9 9 indicated to be uf chiss 2 - {L\L-> . ELJ-. 

9 ProgcHij 


H inter Productiofi: Orrr 30 I'nder 30 Zero 

Observed! 2 1 0 

Expected 1.5 1.5 0 


Mean winter production of all 
9 9 in indicated class 


i ndrr 30 Zcru 

0 

3 5 U 

11 


dS (Me figs 


24,00 cjigs 
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B. With 2 ? 9 indieat('(i to be of class 3 = fLik ■ 


9 Progeny 


Winter Prodnriion: 

Over 30 

Under 30 

Zero 

ObstU'ved. 

4 

3 

0 

Kxpeded 

.Moan winter prodiiclion of all , 

3 5 

3.5 

0 

9 9 in indicat 0(1 clas.s 

62.7") ogg?^ 

23.00 eggs 


All 

9 Proytny 


, 

Winter Prtxi action: 

Over 30 

Under 30 

Zero 

( )bs(‘rvO(J 

6 

4 

0 

Kxpided 

Moan wirit{*r product i(jn of all 

5 

5 . 

0* 

9 9 ill indicated cla.ss 

o4 .;50 eggs 

2 .'!. 25 (.-ggs 



B.P.R. 17. Indicated constitution — fJjJji . fLil^. 

Tins cockerel was hatched in 1907 from a ^200-egg’ mother and 
was bred in the spring of 1908. 


Matings: A. \\ itli2 y 9 iiulic;t1o(l to hc' of class 3 JL]li . Fhh. 


Uo/(^cr Prodnrtion: 

Over 30 

[Older 30 

Observed 


3 

FipecAcd 

3 

S 

Moan winter prod u<‘t ion of all 

9 9 in indicated class 

47.00 eggs 

12.33 eggs 


Zero 

0 

0 


B.PM, o" 70. This cockerel was purchased from Mr. M. L. 
C’hapuiau, Farmington, Conn., and used in the breeding season 
of 1908. Nothing is known of his previous history. 


Matings: A. \\itli3 9 9 indicated to be of claims 2 = /L 1 Z /2 . FLil^. 

9 Progeny 


Winter Prod luiion: Over Under 30 -.Zero 

Ohtiin-vcd 4 5 0 

Expected = 4-5 4-d 0 


Mean winter production of all 
9 9 in indicated class 


08. 25 eggs 


19.00 eggs 
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B. With 2 9 9 indicated to be of class 3 = fLJ.. . FIJ.. 

• 9. Progcni/ 


U nder Prodnetion: 

Of’cr SO 

I'itth r SO 

Observed 

' 2 

1 

Expected 

1 .6 

/ d 

Moan winter i)roduction of all 



9 9 in indicated class 

oI.'tO I'gg.N 

23 IH) eggs 

4^/ 

9 Pnxjvng 


ll inter Production; 

(hrr SO 

I'lohr SO 

Observed 

i\ 

(1 

Expected 

6 

li 

Mean winter production 

1)2 f 17 eggs 

2(1. 00 I'ggs 


Zero 

{) 

1) 


y.rro 

(I 

0 


Summary of results of all matings of class 2 males. T\\o suiii- 
marized results of the above rnatiuss are set forth in table 23. 


TABLE 23 

Showing the r<?<su/Ls- of all nialing-'i (f S S' X cla.'^a 2 9 9 

fL,L,.fLJ, X fUU . PhS, 


.VCMBEH OF INDIVID- 
UALS INVOLVED IN ■VVINTEH EOG DHODI CTION OK l)\i:(:HTKIi 

M ATI N US OP THIS TVVF. 


crei’ 9 9 Class 


UiuliT 3o 


T..lah.<hili . 

proL'eUV 


o Observed (i 

Expected 6 


(i 


i) 


Mean winter egg production of 
all 9 9 iuiiidicatedclas.s . .. 5S.17 eggs 10 S3 eggs 


TABLE 

Showing the results of all n/n/f/igs of class 2 SS X cfnss 3 9 v 
fLJ.,.fLf, X fU-i.EFh 


NVMHER OF INDIVID- 

I'ALS INVOLVED IN WIXtEfl KOG FKC»DUCTIOX OK D A VC: f ITKK.S 

MATINGS OP THIS TYPE 


9 9 Class 


Over 30 ITuler :>() 


I'.nal ikIiiIi ■; 

[)TTii;i‘riy 


ti Observed 0 

Expected 8 


0 K) 

0 


Mean winter production of all 
9 9 in. indicated class oo.OO eggs | 18.71 eggs 
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TABLE 25 

Shotcinq iha. re.fiults of all mulingfi of class 2 d'd' X all classes o/ 9 9 

NUMBF.n fiK IN’blVID- 


CA[-S INVOt.VEI) I-V 

MATlSfiH OF IHIS TVFE 

\VI\TKH ECiU 

PHODCl'TIOX OF D.' 

UGHTER8 


d'rf 9 9 Class 

Ov(‘r :^() 

('rnlor 30 

Zero 

Total adul! 
progeny 

Hi Observed 

19 

IG 

0 

35 

Px peeled 

17.5 

17.5 

0 


Mouii winter produclio-n of all 





9 9 ill indicated class 

55.47 eggs 

is.:u eggs > 




It is clear that the four class 2 males produced a progeny gener- 
ation, which, though relatively small in absolute numbers, agrees 
very closely in respect to its gametic distribution with the ex- 
pected results. 

Matings of a Barred Plymouth Rock male of class 8. Males of 
class 8 are homozygous with respect to the absence of the first 
production factor, and heterozygous for the second, their gametic 
formula being /hL 2 . fhk. But one bird of this type was used in 
the experiments. 

B.P.R. d' 26. Indicated constitution fkLz . fhk- 

This was one of the original stock in 1908. Nothing further is 
known of his breeding than that he was the son of a bird that had 
laid 200 or more eggs in her pullet year. His dam must have been 
of class 1, since a class 2 9 could not produce a class 8 &. Male 
26 was bred as a cockerel in 1908 with the following results: 

Matings: A, Witl, o 9 9 iiHlicutr'd to ho of class 1 = /L 1 L 2 . fhh. 


9 Progeny 


llVn/cr ProdHciion: 

Over 30 

Under 30 

Zero 

Observed 

‘>1 

-2 

9-^ 

0 

Expected 

4.25 

8.5 

4.25 

Moan winter ]iroduction of all 

9 9 in indicated class 

35 (K) eggs 

9.89 eggs 

0 eggs 
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D. With 5 9 9 indicated to be of class 4 = fLyl^ , FLJi. 

9 Progeny 


Il’/tt/er Production: 

Over 30 

I'ndi r 30 

Zero 

Observed — i 

6 

(i 

0 

Expected 

6 

6’ 

(7 

Mean winter productions of al! 



9 9 in indicated class,. . 

.... 60,00 eggs 

In.SS <‘ggs 



All 9 Progeny' 



Winter Production: 

Under 30 

Orcr 30 

Z< ri) 

Observed 


b'll 


Eipceied 

10.25 

/-{ 5 

4 25 

Ntcan winter production... 

1)0 ."lO ('ggs 

lenc) eggs 

0 eggs 


One of the five females (9 397) of class 4 actually lai<l ‘U e^^s 
ill her winter period and hence was literally an ‘Over 30’ Innl, 
There can be no doubt, however, that this record is merely a 
fluctuation, and that 9 397 is really ti class 4 l)ird of the constitu- 
tion indicated. This is shown by her progeny. 

Maiings of a Barred Ply77ionih Rock 7)ude of class 1, iMales of 
class 1 are extremely interesting both from the tlieoretical and 
the practical standpoint, since they are homozygous with respect 
to the presence of both fecundity factors. In (‘onsecpience, all 
' the daughters of any male of this class, regardless of th{‘ hanales 
with which he is mated, sliould be high producers. In the course 
of the experiments here under discussion only one male of this 
type has been used in the breeding pens, and owing to an unfor- 
unate accident he was available for breeding only during a single 
season. This cr’ no. 550 was a remarkably lim* and vigorous bird. 
He Avas easily the best bird, in respect to all fancy and utility 
])oiuts, out of the hundreds of cockerels raised the same year. He 
produced by the mating of a class 3 {& 68, p. 000, supra) and a 

class 1 9 . That is, 

(cf 68 ) /L1L2 . fhL2 X jUz . Fhk ( ) 

i 

cfooO 

/L,L2 . IRP 
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This is a particularly iut cresting pedigree to anyone acquaiiitc ti 
with the practical breeding and breeders of Barred Plymoutli 
Rocks in this country, because, as already pointed out, & 68 was 
purchased from Mr. G. W. Hillson, of Ainenia, Y. Now it i> 
generally supposed, and indeed has been stated by Mr. Hillsfai 
in his advertising, that his stock was founded from Mr. E. H. 
Thompson's ^Ringlet' strain, a stock very well known for quality 
in color and barring, but not commonly believed to be of any 
particular value for utility purposes. Yet here we have produced 
from this strain a male bird of the highest possible utility value, 
namely one that gets high-producing daughters regularly and with- 
out fail, I’egardless of the females to which he may be mated. 

The breeding history of 550 is as follows: 


A. With Q 9 infiicutecl to be of elassc.s 1 or 2 = JLiL-i . /'V,/-. or 
/A, 7.2 . FLJ;. 

B. W ith 4,1 9 9 iiidieiiled to be of classes S,4,or 0= fL]F. or ff.J.. /-’A,/, 
or//,Ai . FlU 

All 9 Progeny 


Winter Produciiou-: Over SO Under 30 

()bserv(Ml 1(U i 

Fipected IS 0 

Mono winter i)ro(Iuctioii (jf all 

9 9 in indicated class 51.20 *■ 


Zero 

1 

0 

0 


1 See |). 184 for explanation of the (‘onvention of dividing the birds which hiy 
cx;ict!y MO (‘ggs in the winter ])crio(l. 


The one daughter (]^'879) with the zero record w-as evidently' 
abnormal in respect to lier reproductive organs. During the 
last tlays of September and early October she began and kejtt 
up for a period of over a week daily visits to the nest (cf. section 
on ‘‘Afatiugs of Barred Plymouth Rock males with Barred Fi 
fenndes") Tins is norntaUy a sure indication of approaching 
laying. Further, birds wliicdi begin in this way not only are pre- 
cocious in haying but make high winter records. This bird, how- 
ever, stopped at omay and neither visited a nest, nor laid until 
late the next .sj)riiig and then laid only a few eggs. There is little 
doubt that in I his case the hereditary basis for high production 
was present iLiLi) but failed of expression for purely physiological 
reasons. Tdifortunately no post-mortem examination of tiiis 
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sviis made, the fact of her abiiornuility not iKiviiiu; been 
i‘,.r('i!;iuzed until too late to make such an examination |>ossible. 

was unfortunate that o' 550 could not liav(' bc'cn used during 
.,-\vral breeding Reasons. Even witli the limited progeny actually 
:i.\ Milablc, however, the contrast lietweeu this bird and the otluM-s 
wiiich have been discussed above is sutliciently striking. 

!)oublful cases. In 1908 a Harred Plymouth Ho(‘k ■ im. lil 
w:is successfully mated with 3 9 9. The winter proiluct ion records 
wtu’c as follows! 


Mnthers' icinier protluctiou 
9 Dlo7 Under dO 

9 DIGS Overdo 

9 D90 irnder :30 


{)at!<}liln-K' iri liter proihuiioii 

1 over do 0 undrr dO 0 zero 

'2 over dO 10 imdc'i' dO 1 zero 

2 over !^0 .*) under dO 0 zero 


The case is a difficult one, because of tlie behad ior of cert a, in ol 
the daughters in subsequent matings. The most j)roba,bl(‘ iiitiw- 
pretation of the facts is that hi Iielonged to cla,ss 4, and that 
1)1 1)8 is a 9 of class 1, but that in certain of licr {lauglit(a's ludiriiig 
this character did not come to full expn'ssion, giving a wintin- 
HM'ord of under 30. Three of tlu' 10 liaughters of 9 1)1 hS le- 
corded as 'Under 30’ laid 25 or more eggs in tlu‘ winter pcalod. 
If we suppose these to be really Li birds, we should tlum h:iv(‘ th(‘ 
t olio wing gametic distribution of KiS’s daughti'rs. 


Wuikr rnnlndion : Orer Mi / du/f r do ’/ak 

Observed d 7 1 

Kx peeled dd 0 5 2 


This is as close as could be cx])(‘cte(l. 

Female D90 may be of eitlier class 3 or 4. 44i(' data at fiaiid 
do not enable one to determine with certainty Ixdwium tluv^e 
possibilities. Female D157’s only daughter kht no adult 9 
otfspring, and therefore it is not possible to make any conji'cture 
as to her constitution, beyond the fact that she was probably not 
of class 1 or 2. 

In the case of a number of males the families of adult dauglilcrs 
nlitaiiied were so small in size as to make impossible any accurate, 
determination of the gametic constitution ot the mothers used. 
All of these cases are here groLi[>ed together in one talih^ 
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TABLE 26 

Choiring the reanlis in refiped to fecundity of dang kten from pure Barred Hock 
infjfi in v'hirk the faynilie.f^ irere too synall in size or number to permit clnssif, 
lion ns to gn/nelic constiluHun 



5 

f) 

4 . 

1 

Ifi 

2 1 

i \ 

1 

0 

0 

2 

3 1 

1 

0 

11 

It 

14 

11 

1 

r,27 

5 

4 

4 

0 


8 ■ 

5 

8 

0 

',51 

11 

0 

8 

1 

Totals 

•17 , 

15 i 

37 

'3 


It will bo seen from this table that these families had on th(‘ 
average fewer than two adult daughters each, too small a numbor 
with which to work. This makes clear again the difficulty witli 
which f)ue has always to contend in practice in w^ork with fecun- 
dity, ng,mely that of getting even reasonably large families (tf 
normal adult daughters. One hatches a large number of chicks 
in order to supply thieves, crows, rats, hawks, etc., and finally 
get a small number of adult females available for the study of 
fecundity. Fecundity in fowls is not, as has been pointed tun 
before, in all respects an ideal character for the investigation of the 
laws of inheritance. 


Summary of remdts of all pure Barred Rock maimgs 

The data presented in detail in this section of the paper, which 
deals with tlie matings of Barred Plymouth Bock males and 
females inter se, would appear to demonstrate the following 
points, 

1. That there is a definite and clean-cut segregation (in the 
Mendelian sense) of high fecundity and low fecundity, the char* 
acter Tecundity’ being here measured by winter egg production. 
The mode of inheritance is such as to indicate that winter egg 
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prn< taction depends upon two separately iiilierited physiolojrical 
The presence of both of those factors i/., and is 
e.^i'iitial to a high fecundity record. The sca-oiul fa(*tor L, with- 
aui wlwch high ^curidity never appears is inheriti'il in a sex-(‘or- 
ivlatod manner, such that it is never borne in tlu' same gaineti' 
iluit carries the female sex-factor F. 

2. That the things segregated are ])erfeetly (U'tinitt^ and dis- 
tinct. This is shown by the mean or average' j)ro<luetion n'eords 
of the birds falling into the several fecundity (‘lasses. Tlie birds 
bearing the factors for high fecundity have mean wint(a* prodin*- 
tion records ranging froin two to fire or six /////c.s as great as th(‘ 
mean production records of birds lacking these high f{‘(‘uudit\' 
factors. Such differences as these do not depend upon retiinMl 
statistical analysis for their detection and ap])recia.tion. 

AVhilo by no means all the possible gametic e()ni!)inalions in 
respect to fecundity within the Barred Rock breed hav(' yet IxM'n 
made, still the range covered by the data given above is fait'ly wide. 
.Ml classes of females except the zero producers (class 5) have been 
repeatedly tested in the breeding pens m various diffenmt com- 
binations. The zero winter producing females liavf' Ixm'ii fairly 
often bred, but the difficulties of getting chickens hat c I km 1 within 
the necessary time limits and in sufheiont numbeu- to g('l adult 
(laughters for fecundity work have been too great for t Ik' available 
re.sources. Of the nine possible types of males six have Ixmui tested 
in various combinations. 

It may fairly be said, I think, that in its range, its fpiality and 
its amount, the evidence from tlie pure Barred Jto(‘k matings, as 
set forth in the preceding sections, is sufficient aloim to (h'moii- 
strate the Mendelian inheritance of fecundity in the brcMal ol 
fowls. If, however, the prirLciplcs set forth above for Plymoutli 
Rocks are true, they ought to apply, in general at k^ast, to other 
breeds of fowls and to crosses, with, of course, possif)le limitations 
and modifications in particular instances. It is desirable, Umn*- 
fore, to examine theTesults regarding the inheritance of h'cundity 
in other breeds and crosses. This we may proceed to do. 
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Cornish Indian Game matings 

The strain of Cornish Indian Game fowls used in these expc-ri- 
ments is characterized, as has already been pointed out, by vmt 
poor egg production. There is no evidence that any of the iiidivid- 
uals, cither male or female, ever carry the second fecundity fai-- 
tor L 2 . These birds therefore represent the extreme condition 
in the way of low fecundity as compared with the Barred Ply- 
mouth Hocks. 

The ('ornish Indian Game is an old breed and if one may judfif* 
from poultryrnen's accounts, there certainly have existed in tlu* 
past, and pi“obal)ly exist now strains of birds belonging to this 
breed which are fairly good layers. Such strains, which are in 
marked contrast to the one here used, undoubtedly carry, in 
some combination, tlie second fecundity factor L 2 . There is 
nothing extraordinary, or contradictory to the results of the p?es- 
ent ]:)aper, in such a fact (if it bo a fact). Indeed it will be showii. 
in a later section of this paper, how it has been possible exp^ni- 
mentally to form syiithetically high laying Game hens, i.e., to 
put the factor into their luarditary constitution (cf. section on 
F‘: matings). 

Owing to limitation of space and for other reasoms it has not 
been possible to carry on the fecundity studies with this breed on 
anything like the same scale as with the Ihirred Rocks. There- 
fore the numbers here dealt with will he smaller than in the 
preAUous sectioTi. Tlu‘y will be sufheient, however, to indicate 
clearly the hei'editary constitution of the material. ' Of the possi- 
ble types of (M.G. in respect to fecundity as set forth in 
table 7, two (class 2 and class 3) have actuall}' been used in ]nirc 
Gornish matings (i.e., (M.G. c:" X C.I.G.9). 

Maiing^^ of n Cornish Indian Gaiue niale of class 2 {tabic 7 k 
This no. 558, was hatched in the spring of 1908 and used to 
head a pure Gornish pen in 1909. His breeding record indicat (‘il 
that he was of class 2, wdth a constitutioir/Lj ?2 ■ flik’ His breed- 
ing history was as follows : 
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Mafhtgfi: A. With o 9 9 indicated to be of ebi!^?? I ('rai>le S) = flj.. 
9 Progctiy 


H'Dder Froduvlion: Ot'vr SO 

Observed 1 

Fxpccied 0 

Mean winter production of all 

9 9 in indicated class d7 ()0 


L'lidt r SO 
0 
10 

S .)(i e^^s 


Zi , 0 


0 

0 


It. With^ 9 9 indicated to he of (dassos 1 «)r d - fid: I'l.-J-j or /7.,r. Fi^U- 


9 Profit till 


Wintrr Prod act ion: Over SO 

Observed 0 

Expirled 0 


M(‘:in winter production of all 
9 9 in indicated class 


All 9 Pro{irii!i 


ll'iddcr Prodaclion: On r SO 

Observed 1 

Expecled 0 

Mean winter production; d7 00 


FntOrSii Z,ro 

s 0(1 (’^sis 0 caiis 


CnticrSO Zi ro 

It :: 

u; 2 

s.itf) (t 


Tlie one bird reoorded here as ^Over 30’ laid hut 37 Her 

progeny show clearly .and unmistakably that slie did not bt'ar A-. 
That is to say, her record is a somatic fluctuatittn abi)V(‘ the 30 
limit, and has no gametic foundation. The agreemtuit b(d\v(MMi 
observation and expectation on a gametic basis is retilly ptu-bud 
f(jr mating A. Taken as a whole the facts speak for tluunsidvt's. 
The contrast with the results of Baried Rock matings is striking. 

Matings of a Cornish Indian Cawe male oj class 3 [lahle 7). 
^lale no. 578 was hatched in 1909 and used iu th(‘ bnaaliug pens 
the following year. His breeding record slows I liat h(‘ was homo- 
zygous with respect to the absence of both fecundity factors, hav- 
ing the constitution flik - JliC He tlieii belongs to class 3 of 
table 7. His breeding record is as follows: 
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M<itiu(jH: A. With 4 9 9 indic-iitoil to bfi of classes 2 or 3 = jUU . FLih or 
(L,U FlU 

9 Frogejiy 


Wilder Fradiictiou: 

Observed 

Expected 

Mt'aii winter production of ull 
9 9 in indicated classes 


Over 30 Under 30 

1 9 

0 9 

39.00 eggs 13 11 eggs 


Zero 

8 

9 

0 eggs 


H, With 1 9 indicated to be of class 4 = //do . Fiji. 


9 Progeny 


Winter ]*rodueiion : 

Ot er 30 

• Under 30 

Zero 

Ob.sorvcv/ 

0 

0 

4 

Expected 

0 

0 

4 

Meiiii will tor egg production of 




a!! 9 9 in indicated {‘lass 

, 


0 eggs 

All 

9 Progeny 



irOthr Production: 

Over 30 

Under 30 

Zero 

Observe <1 

1 

9 

12 

ExpecU'd 

0 

9 

13 

Mean winter production 

39,00 eggs 

13.11 eggs 

0 eggs 


Hci*c again as in the previous case the single ^Over 30’ record 
is a somatic fluctuation, with gametic significance. Leaiving 
this out of account, or rather putting it in the ‘Under 30’ class 
where it belongs, the agreement between observation and expec- 
tation is very close. 


Summary of resulU of Corrmh Indian Game matings 

Summarizing all pure Cornish matings which involved 2 
and 20 9 9 (C.I.G. X CJ.G.9) we have the following results: 


All 9 Progeny 


Winter Production: 

Over 30 

'Under 30 

Zero 

Observed 

2 

23 

15 

Expected 

0 

B6 

15 

Mean winter production 

38 00 eggs 

10.22 eggs 

0 eggs 
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(•(Hinting the two ^Over 30’ records? ns somatic fluctuations 
iH-loiiging gametically to the ‘Under 30’ class the agreement 
iK‘i\veen observation and theory is perfect. Tims it is scon that 
the same hypothesis which has beeii shown to account for tlie 
iyheritance of fecundity in the Barred Plymouth Rock breed 
characterized in general by relatively high egg production, also 
accounts perfectly for the inheritance of this chara(*ter in tlie 
entirely unrelated Cornish Indian (iaiue hived, which is chai'ac- 
tcrixed by relatively poor egg production. 

Reciprocal crosses of Barred Plymouth Rocks aud Cornish Indian 
(raffles. Fi generation 

In connection with studies of the inherituiice of plumage 
patterns and colors exten.sive experiments in crossing these two 
breeds have been carried out (cf. 40, 41). Tlie results of tlios(^ 
experiments in respect to fecundity form a crucial test of tlic 
validity of the Mendelian interpretation of the data from pure 
races set forth in the preceding pages. If tiu* int(‘rpi‘etatiou 
which has been given is correct it should accbiiut for the observed 
results in the F i, /'k and subsequent cross-bred generat ions. Should 
it fail when subjected to this test, it would necessitate its accept- 
ance with great reservation, if at all, for the pure races. On tin' 
other hand, agreement of the results from these cross-hnal ma,t- 
ings with those obtained from the pure-bred would afford tlie 
strongest confirmation which it is possible experimentally to 
obtain of the essential soundness of the general (*oncliisions 
reached, * 

\]Ialings of Barred Plymouth Rock fnales and Cornish Indian 
Came females. Two different males were used successfully'^ in 
matings of this sort. Both of these birds were of class 7, having 
the gametic constitution /hL. . fhL^- One of them ( t 7)54) was 
used in a number of pure B.P.R. matings with results already dis- 
cussed in a previous section. 


i-f"., gol adult daughters. 
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Mnting of B. P. R, o5S, Indicated constitution -JhLi . /OA . 


Matings; A, With !) (’ornish 9 9 indicritod to be of classes 2 or 3 = fij 
FLJ-, or fUh Flik. 

9 PrcKjeuy 


W inin' Pnniuclion : Over 30 

Observed 18 

Expected 18 5 

Mean winter egg production of 
all 9 9 of indicated class. . . 40.38 eggs 


Under 30 
17 

18.5 


LVOO eggs 


Zero 

2 

0 

0 eggs 


If we 8up]:)Ose the two zero birds to represent somatic fluctua- 
tions the ag;reenumt between observation and expectation is 
very close. Both these zero birds were late hatched and all tin* 
facts I'cgarding them indicate that they carried Lj, but for phy- 
siolog;icaI reasons did not bring it to expression. 


R. With 1 Corninh 9 indicated to be of class 1 = fLil-> . ELih- 


9 Progeny 


irin/cr Production: Orcr 30 

Observed d 

Expected 0 

iNfoan winter egg production of 
all 9 9 of indicateti class 42 7 “> eggs 


Under 30 
1 
0 

20 eggs 


Zero 

0 

0 


There is little doubt about this mating being of the type indi- 
cated, in spite of the one bird laving 'Under 30.’ Her winter 
record was 20 eggs and she was n late (June) hatched bird. Slie 
probably carried Ln, but this cannot be positively asserted because 
no male bird from her Avas mated. Only in this way could the 
point lie settled. 


.W? 9 Progeny 


Winter J'rodnrlion: 

Orer SO 

Under SO 

Zero 

Observed 

2:.^ 

IS 

2 

Expected 

2U5 

18.5 

0 

Moan winter product ion 

40 . 09 eggs 

1.Y22 eggs 

0 eggs 


Matings of B. P. R. o' 5 5 If.. This male has been shown above 
from his mating wdth Barred Rock females, to be of class 7 with 
the gametic constitution fUL^ . fhLi, He was successfully mated 
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with one Cornish Indian Game 9 of class 2 . From (liis matinji 
we \y3.ye 


Winter Production: 

9 lOogatff 

One SO 

1 'loli r SO 


Observed 

1 

S 

0 

Expected 

2 

S 

0 

Moan winter production — 

■m eggs 

m ss t'ggs 

n eggs 


Putting all the results together we have for alf nuditajs (tf B.}\ f\. 


' X C.7.C. 9 9 

9 Progeny 


irOder Production: 

Over 30 CndtrSO 

Z, rn 

Observed 

24 21 

2 

Expected 

. SO. 5 SO 5 

a 

Mean winter production 

.... 4ii.22 (“ggs la.Sii (‘gg' 

n t‘ggs 


We see here the same agreement betwc'en ol)s(a-vaiioii and 
expectation which has appeared in the ]i rev ions (■a.s(‘s witli pnr(‘ 
iiiatiugs. 

Attention may next be turned to th(‘ recipi'octd (o-oss. 

Matings of Cornish Indian Game males and Barred Phimoafti 
Rock females. Fouv different Cornish males wcni* used in IIk'sj' 
matings and got adult daughters. Fheir bi-eeding lustories fol- 
low. 

Matings of CJ.G. & ooS. This bird was us(mI in pui'(‘ Coi’iiisli 
matings and there shown to be of class 2 (C.I.G.) with consfitu- 
tion /LJ2 . fhk. His breeding history in producing IG fi'iuah's 
was as follows: 


Matings: A. With 2 B. P. 11. 9 9 indieatod It) ht* of clttss 1 jLd^i /’’n/v- 


9 ProQuag 


Winter Production: Over SO 

Observed t 

Expected 0 


Mean winter production, of all 
9 9 in indicated class 


(Older SO Zero 

14 
1.5 

('Kgs 


51,7i3 eggs 


0 eggs 
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Tho four birds with ^Ovcr 30' records are apparently outstantl- 
inj;^ exceptions. It. should be noted that these birds came frojii 
mothers whose gametic constitution was of the general iy\,v 
'Ll . L 2 . This would seem to suggest that in this case the pre - 
cMce of Li in the mother, even though it did not pass to any of tho 
/''-bearing gametes, nevertheless in some manner or oth^r modifi(‘(l 
the Ll in these gametes so that a higher production in the progeiiy 
resulted. In other words, these cases suggest 4ntra-zygotic 
influence' of the gametic factors upon one another, suchiasi.^ 
frequently suggested by the conditions observed in heterozygotes, 
and lately" has been discussed by" Davenport (6, 7) and Laughlia 
(23). The winter records of these four birds are to be regarded as 
wide fluctuations, since when bred they" gave no indications of 
carry"! ng 

B. With 1 li.IML 9 iiulii'uted tu be of cluss 3 = JLiU . Fiji. 

* 

9 l^rofjeny 

• Winter Prod net ion: Over 30 Under'30 Zero 

ObHcrvtMl 0 3 1 

Pix peeled 0 ^ 1 


Moan winter production of 9 9 


in indicated class 



G.OO eggs 

0 eggs 


.Ul 

9 Progeny 



Winter Prodnrtion : 


Over 30 

Under 30 

Zero 

( ih.'icrvod 


4 

17 

3 

Expelled 


0 

18 

e 

Mean wirilcr production .. 


bl,7o eggs 

14.06 eggs 

0 eggs 

Matings of C.I.G. o' 

557. 

. Indicated 

constitution 

; class 


(C.I.G.) o’ =SUk.fU,. 


A. With 0 iLP.U, 9 9 indicated to be of class 2 = JLit^ . FLili. 


9 Progeny 


Winter Produr^ion: Over 30 

Observed 0 

Ex pee ted 0 


Mean winter production of 9 9 
in indicated class 


Under 30 Zero 

17 0 

17 0 

.12.88 eggs 



INHERITANCK OF FECrXDlTV 




j> With 1 B.P.R. 9 indicated to be'of class I - (LJ-s FLJ.. 


9 Progeny 


W'itilcr Product io7i: Orcr 30. 

Observed 0 

Expected 0 


OhscrvecJ winter production . . 

.1/? 9 Progeny 


Winter Producftori: Orcr 3U 

Observed d 

Expected 0 


Mean winter production 


1 (I 

1 

111 eiij^s 


riidicdif 
IS (I 

is’ 0 

1- 72 efXtis 


The accordance between obsei-vatioiis and expetdatinn Ikm-c is 
perfect. 

Maiing of C.l.G. s d29. Indicated const it u1 inn: chiss 2 
(CM.G. a^) - fU, . fhL 


Molingm: A. With ! 9 indicated to he of class 1 Fid... 


9 

Progeny 


Production: 

Orcr 30 

ErtOrc ,Vl Zt rn 

Observed 

1 

1 1 

Expected 

0 

2.2/) {1 r .5 

Observed winter production 

4() e^f^s 

e^^s ^ 0 

This mating by itself is, of 

course, without any ])articular 

nificance. . 

b, Witliti 9 9 indicated to be of cl 

ass 2 

. FIJ. 

? 

JOdgcHij 


Winter Production: 

Orcr 30 

t ndcr 30 Zen* 

Observed 


12 (1 

Expected 

0 

17 0 

Mean winter productions of all 

9 9 in indicated class. ...... 

41 -bf) e^rgs 

11 07 eggs 


Here, again, as in the cas^ of c/ 558 theie are seen to bt^ stnan-al 
birds with winter records of over 30 eggs, when none is (‘xpecltHl. 
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. With "t 9 9 indicated to be of cla.ss 7 = 

. Fhh. 



9 Progeny 




Over 30 

[ ruler 30 

Zero 

Observed 

] 

3 

2 

Exfx'clert. 

. . 0 

3 

S 

Mean winUM' jiroduetiou of all 



9 9 in indicated class. . . 



l.'LOO eggs 

0 eggs 


AH. 9 Progeny 



WittUr }^r<ulii<iUni: 

Oirr 30 ‘ 

Cnder 30 

Zero 

OhservtMl 

.... 7 

If) 

3 

Expect (‘A 

.... 0 

2L25 

3J5 

Mean winter production . 

dd 71 (‘Kgs 

Id.m eggs 

0 eggs 


The seven birds with records 'Ov-er 30’ belong gainetically to 
the ^ Under 30’ class, and their records are somatic fluctuations. 
This is shown both by their history and by their behavior in U., 
all having been bred. 

Matings of C.I.G. v o7S. This male has been shown from his 
matings with ])ure Cornish females to belong to class 3 of C.I.Ch 
{ = fiJ'i -flih)- ITis matings with Barred Rock females are 
as follows: 


A., With 2 15.P.H. 9 9 indicated to lie of class'd = fL^L■> . FLJ-i. 


H Oder iO'Otiaciioti: 

9 Progeny 

‘Over 30 

Cnder 30 

Zero 

OI)serv(’d 

0 

3 

0 

Expected 

0 

3 

0 

M(uin winter pi'oduction of 

daughters 


6.33 eggs 


B. Witli 1 9 itidicated to l)e of cl 

ass 4 = /Ld-j 

, FLd,. 


Winter Prodnelion: 

9 Pn>yeny 

Over 30 

Cnder 30 

Zero 

Observed 

1 

4 

0 

Expected 

0 

•5 

0 

.Menu winter production of 

daugliters in indicated class 

4-2 egg.s 

11.00 egg,s 

0 eggs 
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All 9 FVogfni/ 


W ider Production: Otcr SO 

Observed 1 

Expected 0 

Mean winter production 42 eggs 


CnilcrSO Zfro 

7 0 

.s' {/ 

0 00 rggs 


There are no data from which to inakt' sure whetlior the (uu^ 
liiid with an 'Over 30’ record rejireseutetl flu(‘tualion from llu' 
‘hiider 30’ class. It probably did, but this cannot be |M)sitively 
:i>-erteiL 

Sntnniary of all b\ /naliny.^ 

[hitting together the results of the matings of all ( 'ornish Indian 
(ianie males, with Barred Rock females, w(‘ have for the ac1ua.l 
ohsf'rvatioiivS: 


9 Progcn I/- -pfiir Data 


Winter Produefion: 

Oirr 30 

{ ndcr 3lf 

Zirt> 

Ohsorvod 

... 12 

oS 


Expected 

... 0 

00 >5 

U . 7'y 

Mcml winter production 

J.V()7 eggs 

12 4(i eggs 

0 egg 


In view of the fad that the 11 of the 12 birds witii 'Ovia- 30’ 
rtM'ords represent somatic fluctuations from tlie ‘ Ihider 30’ ci:tss 
it is desirable to present another sinnnuirv tabk* in wliich tii(‘ 
progeny are distributed in accordanci^ with tlunr ganeMic const i~ 
tiitioii. . 

9 Pi'ogeiit/ on (iaitKiic pasts 


W'iiiler Produciion: Oicr dO f/.i/.n {'ndt r Stl yLJ-,-) /rm 

Oljjjerved 1 <>9 i) 

Expected 0 W i.:7 0 7a 


The contrast between these distributions and those of the ri'ci- 
procal. cross discussed before is very striking. Taken togidlna- 
tliese reciprocal crosses support strongly the gcmeral hy[)o(hesis of 
Iccundity inheritance here lieing test(‘d. 
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Matings, of the second cross-bred (P\) generation 

The P i birds discussed in th^ preceding sections were nnuod 
in all possible ways inter se and with the parent forms. Tl> 
results of ^hese matings will be discussed in the present section. 

At the out start it should be noted that in spite of the fact that 
as many P\_ birds were hatched and reared as the available fa^ ili- 
ties would permit, neverthele^, the number of adult daughnas 
available for fecundity study is small in case of some of the Ufat-. 
ings. There are several reasons for this. Besides the obvious 
one such as mortality, depredations of thieves, hawks, crows, 
rats and the like, there is another important but not so obvious 
one. This is the failure or great difficulty experienced in getlinit 
certain of the P\ cross breds to grow into nonnal, full-siz('{l, 
healthy adult birds. After rather wide experience in handling 
cross-bred chicks, I am convinced that certain gametic combina-. 
tions which are to be cxpectqd on Mendelian theory, and can ho 
produced in the expected munbers in the breeding pen, are never- 
theless physiologically abnormal or unsound. Such birds dn 
not make a normal growth, but in spite of the best care and atten- 
tion grow up into stunted weaklings, which always show, botli in 
their structure and their physiological econohiy, the effect of tliis 
retarded, abnormal development. I am further convinced th:it 
this result is primarily due to the hereditary constitution of 
the individuals in question. Certain combinations of hered fury 
factors do not produce physiological sound and vigorous^ zygotes. 

Of course, there is nothing novel in such a result. It is of a 
piece, for example, with the parts respecting the relation between 
hereditary constitution and pliysiological vigor in maize, which 
have been so clearly set forth and anal}' zed by Shull (45, 46, 47! 
and East (9). Other examples of the same phenomenon irught be 
cited. The whole phenomenon is precisely what would ))e ex- 
pected from Joliannsenhs general conception of inheritance and 
ontogeny (22). 

This relationship between hereditary constitution and physio- 
logical constitution or normality takes on particular significance 
when one is dealing with fecundity. As has been pointed out 
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^.jrlier in thi^ paper one cannot ex])oct t(^ ovt a normal soiualic* 
expression of the hereditary constitution in rcspcrt to fccmulily 
^mless the bird is a phj^siologically uornuil ^vcll-dc^■('lop^Hl individ- 
ual. Stunted, under-developed, or physit)lo^ic‘a.lly unsound birds 
will lay but very few if any eggs, regardless (d what fciamdity 
Uirtors it may. carry. A marked difference is Iicih^ appa-renl b(‘- 
nv(‘en structural and phj^siological characters so far as ilu‘ study 
of inheritance is concerned. A 'definite structiiiv eitluM* is or is 
ur)t present in the zygote, however weak physiologically the indi- 
vidual may be. But if the general capability of an organism with 
respect to the transformation of matter and emu'gy is maiioally 
reduced, then all phj^siological characters will be affeeted, and fail 
to reach complete normal expression, 

111 the study of cross-bred poultry T liavr^ found pui-(‘ (‘xtraeted 
whites from crosses involving originally two luaivily pigment ( mI 
parent races to be conspicuously good examples of tlu* phenoim*- 
iimi under discussion. It is only \ ery exc(p)tioually, in my 
experience, that such white birds are physiologically normal. 
Indeed because of this fact it is only with tlic gix^ab^st dillicull v, 
and after many failures, that I have b(‘eu abl(‘ togcU such (‘xtra(*ted 
whites to breed, and thus form a pure wliito rac(\ If tlie h(‘us 
lay eggs, which some do not do, tliey are usually either inbn’tilm 
or else all the embryos die at an early stage. ddu'S(' facts 
some bearing on the popular belief of animal bnaMha-s I hat wiiit(‘s 
in general are delicate in constitution and hard to nair. Tliis 
i)elief is so well known that it is not necessary to (‘it<‘ in di'tail 
references regarding it in the literal ur(\ 

As a consequence of the above C()Tisi(l(nations. I hav(' hdt 
justified in leaving out of account, or i-ath(‘r in efinsidering a])art 
from the others, a few of the Fi individuals, in all sonu' 7 out of 
over 200 birds all told. In each case thes(‘ birds wen' physio- 
logically abnormal, and obviously so to the most casual obscr\'cr. 
The fact that they did not lay was no (‘rilei-ion wliatso('V('r of 
their hereditary constitution. In order that theix' might be no 
possibility of unfairly influencing ratios })y leaving llu'se birds 
out. the whole families (usually of two or three imlividuals only) 
to which they belonged have been rejected. As a matter of fact 
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whenever one individual in a family is physiologically abnoriuul 
in this way all the other members will usually show the same con- 
dition in greater or less degrees. 

In the Fi generation following the reciprocal crossing of Barrt*d 
Rocks and't 'ornish Indian Games there are a number of possible 
matings. The nature of these matings and the results as to cohjr 
and pattern have been discussed in another place (41), That 
paper may be referred to in cadb one is not clear as to the nature 
of the matings. The different matings will be discussed in *1116 
following order. 

1. 0 ^ font of B.P.R. X (M.G. 9 ) 9 9, barred and 

no n-l marred. 

2. Fx (out of G.T.G. cr" X B.P.R. 9 ) xFi 9 9, barred and 
non-barred. 

3. Fx & (out of B.P.R. o:* X C.I.G. 9 ) X B.P:R. 9 9 

4. F ^ (out of B.P.R. X C.LG.9) X C.I.G. 9 9 

5. Fx ^ (out of Cbl.G. g" X B.P.R. 9 ) X B.P.p. 9 9 

6. Fx d (out of C.I.G. X B.P.R. 9 ) X C.I.G. 9 9 

7. B.P.R. X Fx Barred 9 9 

8. B.P.R. (j’d' X Fx non-barred 9 9 

9'. C.I.Cb X Fx 9 9 Barred and non-barred 

It will be recalled that the barred Fx females come from the 
mating B.P.R. cT X C.I.G, 9x and that the non-barred {hlacki 
Fx females comes from the reciprocal mating C.I.G. cf X B.P.R. 9 . 

Matings of Fx o' oTG with Fx females. The pedigree of Fi o'- 576 
was as follows: * 

B.P.R, G- 559 (JlxL, .// 1 /. 2 ) X (M.G. 9 456 {fLxk • Fhh) 

, 1 

F , 0^ 576 

The hereditary constitutions of both 0 " 559 and 9 456 were 
known, both from their pedigrees and their progeny in other 
matings. From this pedigree it is evident that the ganiotic 
formula for o" 576 must be either /bCa ■ fLiU ov fliL-i . fhh- 
study of his progeny in all matings shows clearly .that it is actually 
the former. In other words he ]n-oduced gametes of four kinds, 
viz., //i/> 2 , fFxL-:. /Cib, 
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'fids. bird was mated with barred 9 9 wliieli had been pro- 
.itu-ed by the following mating., 

ii.P.R. cf 559 (// 1 L 2 . JhLo) X C.I.G. 9 9 of tvpe (LJ. . FIJ. 

I 

A. fhL-i . F LiU-^Wntev recoi-d over Ih) 

and 

B. fUL. . Fljo-Wintev record under dO 

yiale 576 was mated only with 9 9 of tin' A class. “ nunudy 
' (!if)se having a gametic constitution /b/... . FLJ., and producing 
(WO sorts of /^-bearing gametes, FJJ-^ and FLJ.^. 

This same 0 ^ 576 was mated with non-barred (!)laek) F^ females 
which had been produced in the following way. 

B.P.R. 99 some of which 

PTP ^ ^ type , /'7ib, 

C. lXr. 00 b and some//,//, /'7.,b(lmth 

-oa/f7i fii\' ' produping /'’-hi'iiriiif; 
o29 {JUk . //.I,) , ^ 

i . and /‘7i/-j’) 


529 uu , . im . 


A. fLih . FLJ,^ Winter record under 50 

B. //lb , FLihj Winter record under !^0 

C. /Lib ■ L/jb, Winter record under 'M) 

1). //lb L/./o, AVinter record z(to. 

The three non-barred 99 with whi(*h ' 576 was bred were of 
the B-C type, producing t\vo kinds of L-ijeariug gametes, FLJ^ 
and FliL. They were thus identical, so far as (MUicerns L-beariug 
gametes with the barred Li birds with which j' 576 was mated. 
All the progeny may then be treatejl togeth(‘r since all did, as a 
matter of fact, lead to the same result, having regard to tlu' (UTors 
of sampling in such statistically small lots. 

It wotild of coiii’so hr desirable to liuve d;i(a from the otlior matiiiu. oUi X 
9 9. If one coiihl have foreseen what the mecliaiiism of th(“ iiilierit.-irn'o of 
fcH'undity was going to turn out to bo, such uniting, s would hav'n Ikmui made. 
iiilv these cross bred birds were being sriniiod j^rinnirily with I'ofcrctico to I'olor 
^’haracters, and the matings were made ndative to that iiii(‘ of investigation. 
Naturally highly fecund females would bo chosen as brooders wlicncvcr possible, in 
order to get more chickens for the color studies, .\ctually, liow(!vor, ;dl (d tin* 
[)n,<dble gametic combinations in respect to fecundity were tested in 1% either from 
"t!o mating or another 
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TABLE 27 

^hou'ing the rennltii of maiiug Fy c? 576 xiilh F\ 9 9 
Type of maiirig: fhL, . jLil^ X JYiLi.FLi/j and (or) /Lj/j . FliU. 


IVtWVIDl'AlB ( SKD IN THEfiK MATIN08 WINTER RECORD OF DAt OHTERS 


d' 

9 

O\'or :W 

U nder 30 

Zerf) 

Total ad: 

9 prc«t-i:. 

fui) 

JdiS 

4 

2 

0 

V, 

.')T0 

.t'SIl 

0 

3 

0 

3 

.076 

L41 

1 

3 

0 

4 

.076 

1'7() 

1 

3 

I 

5 

.076 

L116 

{) 

(1 

21 

2 

.076 

F421 

(1 

2 

2 

4 

.076) 

V'SA 

.0 

3 

2 

10 

.076 

K41.0 

0 

4 

1 

•5 

Total observed 


n 

20 

8 

30 

Total Expectcft 

Mean winter production of 
9 9 in imiicated class... . 

14.6 

42.81 eggs 

19.5 

12.05 eggs 

L'9 

0 eggs 


^ 'rh(‘.sc two individuals ought really to be excluded 

on the ground of tihvsio 


abnormality of the sort discussed at the beginning of this section. Nciflicr 
of them made a. normal growth. \o poiiltrymen would have regarded these hinls 
as reliable material for the study of egg production. Leaving these two birds (mh 
tli(‘ totals stand as follows: 


Winter FriHludion: Over 60 Under SO Zem 

Observed 11 ‘20 6 

Expected IS. 9 18.6 4 


Tlie same kind of evidence for the segregation of different 
degrees of fecundity which has been seen in all the previous mat- 
ings appears again in these birds. 

Matings of Fx 577 u ith Fi females. This Fi d’ 577 was pro- 
duced in the following way: 

(".LG. o5^(fLxU . flfo X B.P.R. 9 234 (JL^U . FhU) 

I 

. cr 577 

Such a mating as this would be expected to produce males of 
four (really three different) kinds as folloAvs: 

A. fLJ, . JLxL, C. fUk . /L 1 L 2 

B. flM: . fhU D. fhh . fhL, 
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'rhe results indicate that o' 577 Wius of tlu* last i D) typc.pro- 
jufiiig gauietes, fhk and He was inaiial 

with 4 barred Fi 9 9 and 4 black F, 9 c . All of these leinahs, as 
ill rhe preceding case, produced A-bcaring gaiueles (►f twt> kinds 
ill v(iual numbers; Fhh and FL^ Of these matings three pm- 
,juced small families in which all of the iiidi\ itiuals wvw s<> fa.i‘ 
from being normal physiologically that tlu\v cannot fairly he 
included in the tabulation. The details regarding tlumi an* as 
lullows. From one barred Fi 9 was produced two adult daugh- 
ters, both of which were undersized and stunted in dina'lopiiuMit, 
and failed to lay. One of these daughters died (‘arly in tlnyvcnr. 
From one of the matings with bhuT F^ 9 9 only oiu' a.dult daughttn' 
was obtained, which again failed to develop normally and was 
only put into the adult house because of its int(a‘est fn)!u tlu‘ 
standpoint of color inheritance. Another of (he matings with a 
black Fi 9 produced four adult daughters. Two of tliest' wiaa* 
exiracted whites and very small, ])o(>r specinnais. Tin' whob' 
faniilv was saved because of these birds. AAntlu'r of tlu'in laid. 
Of the other sisters one died early in the laying y('ar, lu'vc'r ha\ ing 
{aid. It, like the other members of the family, was from the sta,i't 
a weakling. Finally the fourth sister made a wiiit(‘r ncconl of S 
eggs. It presented the same eyideiu'e of abnormality as 1 1 n* ol her 
sisters, and its egg record could by no means i)c tak('ii as a just 
indication of its gametic constitution in resp(‘(‘t to tecundily. Xo 
otic of the seven birds under discussion would (nan- by an\' clumce 
whatever have been put in the laying house as normal iiidividuais 
for- the study of fecundity. The only reas<)n tliey ever were put 
in was simply, as already exi)lained, becausti tlu' primary ohji'ct 
of the Fo birds as a whole was^tho study of color and pattern inher- 
itance. Even though a bird is an undevelop(‘d weakling physio- 
logically one may make a record of its plumage color and pattern, 
and see whether these change with advancing age. Howevt'r, 
since these birds really were in the adult house, and in order to 
forestall the possibility of a suggestion that any iccoi-ds wow 
suppressed in this study of fecundity, it has seemed advisable to 
take the space for the above detailed discussion of the matter. 
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The records for the other matings of Fi cT 577 are given ni 
table 28. 

Matings of Fi d' 576 with Barred Plymouth Rock females. This 
Fi (/' was mated with three pure Barred Rock 9 9 of class 2 
ftabh; 6). The results of these matings are shown in table 29. 

TABLE 28 

Shou'iluj the re.fiultfi of )fiating Fi<f 577 with F\ 99 

T^ipe of motinx}: /hk . fUL^ X /hLa . FLik aiid'/^'ib ^ FUU 
(i(i//if:(es: flf', F-boaring gamotc.s: FLiU and Fiji 


IN()I\ nH-Al-S I-.HKII IV TUHSK MATINVIS -VVIN-TLIt HKCORD OK DAUOHTER'j 



9 

OvL-r 30 

Under 30 

Zero 

Total adiiii 
9 progeji.\ 

577 

F401 

0 

3 

0 

3 

577 

KIS 

0 

o 

1 

3 

577 

YAA 

2 

4 

1 

7 

577 

F99 

2 

2 

0 

4 

577 

F41S 

1 

5 

5 

11 

Total observed. 


5 

10 

7 

28 

7’o/rt/ ex fieri ed 

Mean winter production of 

7 

H 

7 


9 9 in indicated class. . . 

30,33 eggs 

11.25 eggs 

0 eggs 



TABLE 29 

Showing the refndt.^; of hunting Fi <f576 irith Burred Bod 9 9 
Type of mating: fhLi . fLJ-i XfFiLi . FLJi 


INOIVUH AI.b VSEl> l.\ THESE MATiVOS WIVTKK RECORD OF DAt'OHTERS 


d 

<? 

Ot’DT 30 

Under 30 

Zero 

Total adiili 
9 progeny 

570 

1107 

1 

1 

0 

2 

576 

FU5 ^ 

1 

2 

0 

3 

570 

Fill 

Ti 

31 

0 

11 

Total observed. . 



61 

0 

IG 

Total expected . , . 


8 

S 

0 



Mpan winter production of 
9 9 in indicated class . . 40. 7S eggs 22. S3 eggs 
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These results are suggestive in couiioction with the jirnhlem of 
f}u> absolute fecundity value of the sahie genes from ditTeieiit 
sources, a matter which will be fully discussed later. The liguros 
(live clcarevidence of Mendelian segregation of high and low b'cun- 
dity. 

Matings of Fi d 576 with Coriush I)ub'an (ianu- fcaiales. There 
were but two matings of ci" 571) with jniret 'ornisli Iii^lian (Tinu* 9 s'' 
which produced adult female orfsi)rings. Otlier matings wiav 
made but got no adult progeny. The successful matings wtuv with 
(M.G. 9 9 of constitution fUh . Ffl:- The n'siilts wen' a.s 
follows': - 

cT 576 // 1 L 2 . ffj, X ,f/ih . 

9 Progeny 


Winter Prodiiction: 0^'e/' l30 I'luhrMt Ztro 

Oliver veU 0 I 

0 2 I) 


Total observed 0 

Total expected i-5 

Mean winter production of 9 9 
in indicated class 


5 1 

S I 3 

ll .SOegjrs 0 ef;j>;s 


The numbers here are too small to gi\T. definite re.sults, but 
there is nothing incompatible dn the observations, liavitig regard 
to the smallness of the numbers, with what would be (‘\pect(‘d. 

Matings of Fi d’ 577 with Barred Phjvwuih Rock females. There 
were three matings of this sort, but the familit's \v('re all small. 
The females used were of class 2 (table 6). Tlie n'sults wore as 
follows : 

d' 577 flil-i . //i/.2 XfLiL-2 . PTJ 2 . 


9 Progeny 


Winter Production! 

Over SO 

ruder SO 

(9 1118) 

0 

1 

(9 F350) 

li 

U 

(9 F235) 

1 

2 

Total observed 


Ti 

Total expected 

Mean winter production of 9 9 

3.5 

3.5 

in indicated class 

3o.fXJ c^gs 

1 1 , 25 eggs 
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Aji^ain the numbers involved are too small to be of any particular 
significance when taken by themselves. They are in conformity 
however, with all the other data and therefore have cumulati\(- 
value. 

Matings of b\ -s oil with Cornish Indian Game females. Two 
matings only of this sort got adult female progeny. The families 
are small. TRe pure (’ornish females used were of constitution 
fLxli ■ Idf-. The results follow. 


■j '^77 fldi , jliLi X jL\li . Flilo. 
cT Progeriy 


Winkr Proiliuiittti: 0^'tT 50 . Under 30 Zero 

($ F7} 0 1 1 

(9 J'll) 0 2 1 


observed U 

'{'(yial (xpi'cted 1.25 


M(':iri winter produetion of 9 9 
in indi<':ile(l cI.hss 


3 2 

2.5 1.25 

7,33 eggs 0 eggs 


Matings of Barred Fly mouth Rock males tvifh Barred Fi females. 
While so\an‘al matings were made here they all fell into one or 
the {)ther of two gametic types. The Barred Rock males used in 
these matings have, of course, already had their gametic constitu- 
tions determined through their matings with pure Barred Rot'k 
females. 

.1. Type of mating: fhLy ■ fUF-i X fUFi . FLik^ The results 
of this t}'pe of mating are shown in table 30. 

Tliere are seACral points which need to be noted about this 
table. \Miile in general it is apparent that the observed result 
falls out in fair accord yith expectation, the three zero birds are 
outstanding exceptions. No zero birds should occur in any of 
these matings. A careful study of the individual cases, however, 
indicates that only one of these apparent exceptions is really such. 
Two of these zero bii'ds were vei’V late hatched and began laying 
immediately after March 1, i.e., just after the arbitrary point of 
ending the winter period. Their records during the spring period 
were such as to indicate that they bore the factor Li, and not that 
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T.ABl.K ;>(! 


ing the results of uuifing Chiss 

? B.P.h\ 

a-i(h high i<i!(ii,g luirrtd Fi 

51ATIXG 


OHSKHVy 

;u I'HoiM ( riDs ui- i>vi niirnis 


« 



B. p, R. o' 

Barro.I Fi 9 

Over ;U) 

ViuIt-M, /*,, 

oo2 

424 

a 

5 (1 


87 

0 

4 (i 

.*)G3 

412 

7 

1 0 


405 

7 

2 0 

')t>7 

425 

2 

1 5 

7)02 

104 


' 1- c 

Tr-tnl obsei’ved. . 


10! 

i;u 

yV'fj/ e.rpected. . . 


IS 

IS u 

M(';m vvintoi' 

“)7 10 ('gji 

:s 12 m (>^trs 


iIk'V kicked it. The third zero bird (no. .“)5S) was an (‘xtreiiK'ly 
iiiterestiug case. Something was at fault physiologically with laa’ 
reproductive organs, as a result of wliich slie lunau’ laid au i^gg. 
Ilowever, she gave clear evideiua' that sIk' Ixirc' tlu' fa.cior /., 
(or .not both) gametieally. This she did througli luu’ lu^siing 
records. For some years past I'ecoi'ds have Ixaai kept in this 
work not only of when a ten visited a nest and laid, hnt also when 
she visited a nest and did not lay. A largt^ iluiuIkm' of records 
liave been accumulated of birds which go thi'ough tlu' wholi‘ 
proc('ss of nesting and laying except that they do not disehargi^ 
any eggs from the body. It was hoped to publish a pa])ei on this 
subject, which throws light on the problem of tln^ physiology of 
egg production, before the present papei- a[)i)(‘:iird. This has 
not been possible owing to pivssure of other work, so it will he 
nece.ssary to take a little space here to discuss certain pha.s(‘s of 
this subject. It has been shown experiment ally in tlie laboratory 
that if the oviduct of a normal healthy hen, with a noi'imil o\'ary, 
is ligated, transected or removed entirely, without injury to tlu^ 
ovary, such a bird goes regularly through the entire, process of 
laying, save for the extrusion of an egg, which is physically im[)os- 
"iblc. The (nesting) record of such a Ihrd is |)r('cis(dy lik(* a 
normal egg record, showing the same phenommui ol rliyilim and 
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{•\'cies. ifEach day's ‘r’ in the record of such a bird represents an 
which she would have laid, had she been physically capable 
of so doing. 

Birds in which the oviduct is occluded throu^ some diseased 
conditfoM often behave in this same manner. It may result 
from other abnormal conditions also. With this explanation, 
the following record of 9 558, will be clear, it being understood 
that ‘71 denotes a visit to a nest and the performance of those 
acts characteristically associated with the laying of an egg, but 
without the extrusion of an actual egg. 
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3 Xi'stiiig rerorii (jf 9 .'mS. OF rlonotocj^ a visit to the trap>nesl. n- 
indicates tlmt bird visitcfl tlio nest twice on the same day. B indicates that 
the bird ])ecaine broody, and 0 tliat she ceased manifestations of broodiness. 


From this record taken in connection with other similar cases 
studied in this laboratory, there can be no doubt that 9 558 
belongs gametically in the class ‘Under 30.^ 

Another point is with reference to the mating d' 564 X 9 405. 
The excess of ^ Over 30' birds here is in part due to the fact that 
twQ birds, which have winter records respectively of 32 anfl 34 
eggs and are almost certainly to be regarded as somatic fluctua- 
tions above the division point at 30 are included in the ‘Over 30 
class. 


Of course this does not mean tliat when a bird visits a nest twice in the suiuc 
day slie would have laid two eggs that day hud she been normal. Many laying 
birds liavo the habit of visiting the nest once or twice in the same day before adii- 
ally laying. 


INHERITANCE OF FEd’NDlTY 


24:^ 


If the totals are modified in accordance with the above surges- 

(ii.jnveget 


Winter Production 

0;Yr SO 

Observed: (modified) 

17-i 

Expected 

18 

Mean winter production: 

GO.Of.) e|rg^i 

H. Type of mating: /L1L2 

. .fhh 1 


or > X JhL, . FLJ. 

fUh . jU2 ) 


9 


Utj 


B. P. K.cT Barrc'dPjQ 

5tK) tlO 



Moan winter produotinn 


OHhKK\ Kl) Wl.STBll I'lKMH ( TIo 

OV(T 30 r lltllT 30 


2.25 
40 of) 


Id fiT 


(f 75 
I) 


While this single family is small the three classt's ('xpeeti'd are 
re])resented and in as near the right jnoportion as cnuld hv 
expected. 

Putting together all the results for B.P.R. cXr’ X PaiTf'd Fi v v 
we get: 


Jhfnwflifictl Data 


Winter Produclion: Over 30 U trier 30 Zero 

Observed ‘21i lOi 4 

Expected 20.25 21 0.75 

Dnia modified in accordance with phyniological facia regarding indivnlnat funis 

irf/ifcr Produclion! Over 30 Under SO Zeni 

Observed . nt> -(rj - 

Expected ^ 20 25 21 0.75 


Matings of Barred Plymouth Rock males and Fi Black females, 
A number of matings of this type were made, represevnting several 
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different gametic combinations. The following B.P.R. mabs 
were used in these matings. The class and gametic constitutiu]! 
given are those which have been brought out by the pure 
matings. 

. HIRD -NO. Cl-.vss {T-i-BI-i; .5) C. “EMETIC CON'STITL'TIO.N 


o54 


.502 

7 1 



.573 

7 

.. . //iG 


.51)4 

\(\7 

7 ; 

7 i 



50!) 

4 

fLiU 

.//,h 


Of tlie.se males four, namely 552, 554, 573 and 564, were niatf'd 
with females whose sire was (M.G. o" 557. These birds all Imtl 
the gametic constitution //d- ■ FL\k, as shown in the section on 
the Fi birds. The results of these matings are shown in table 31. 

The ol)served figures are a rather bad, tliough not an impossihlin 
a])proximati()n to the expected Alendelian half. The means indi- 
cate, however, that there is a definite segregation of the two class(\s. 
It is possible that the discrepancy in the ratio finds its explaiia- 
tifin in a difference in the [lotency or absolute fecundity value of 
the Gornish Indian Game Li factor and the same factor in tlu' 
Barred Plymouth Rock. 

TABLK 31 

Shoirinrj the rcsnlt.s of niatingn of the type . JhL^ 


X Black Fi9 

fkU . FLik 



N't M HER OK 1 M»l\ 11)- 

UAIS IXVOLVRD IN WINTER EC' 

.M.MI.VC8 UK THIS TYHE 

1 PRODUCTION UF D.*, 

»:ghters F-2 


n’o” 9 9 Class Ovor .’W 

Uader 30 

Zero 

Total ad 
$ pros'-" 

4 4 01)S(’rv(‘d . , .5 

14 

0 

19 

Kjt'pf('te<l . . . 9.0 

9.5 

0 


Mean wintrr i)ro(lu(*- 


• 


tioii of all 9 9 in itidi-i 

I'utod class 37. (X) egg 

s 11 l-l rggs 





INHERITANCE OF FECUNDITY ' 


L*4:) 

’t^v() of the class 7 B.P.R. males (t)62 and ad?) weiv mated with 
blacks whose sire was (\LG. c' 558. It has already been 
.l-own from the pure Cornish and Fi mating:s tliat this ('ornish 

,558 had the gametic constitution /Li/, . In ivspoet to 

iV, nudity his daughters in the ' Under 80' class werc^ garnet icallx 
i)i;t\vo types: viz., fLik . Fhh and /AU . /•7>d,s Xonv of the 
xccond type were used in these matings. Only a small pingeny 
resulted from the mating of the two females of tlu' first i ypic 4'lu' 
Hi'tual results were as follows: 

Q Progi ity 

Production : Ori r SO I ' udi r AU /irn 

Observed . ' - 1 I) 

Expected d n 

Mean winter eg^ produel ion nf 
all 9 9 in indicated class. . . ds (O eggs s r» I'ggs 

B.P.R. 569 was mated with a. blank F^ q sired by ('.!.( I . 
C 529. Only two daughters were obtaiiual. Both mad(‘ wintia’ 
records under 30 eggs. The number of daughters is tt)o small to 
have any significance, or to make classification possible. 

Putting all the results together (witli the ex(T])lion of the Iwr) 
individuals just noted as not capable of classification) wv liav(‘: 

Fi9 Progeny from motuiys tif B.P.E. y ■' X Plorl: l\ V , 

Winter Production: Oicr SO ( itthrSii /rm 

Observed 7 IS 0 

Expected 12 5 12.5 ^ 

Mean winter production .37 29 eggs 10 na egg.s 

There is clear evidence of segregation here but there is :i dt'h'cl 
in the observed numbers in the ‘Over 30' class. Aft(‘r c.areful 
study of all the facts a possible explanation of this jippears to me 
that the absolute degree of fecundity manifested somaticall>^ 
when Lx is present in the gametes ma}" be less if tin' L\ comes from 
a C'ornish Indian Game than if it comes from a Bai’red Plymouth 
Hock. In other w'ords it appears to be the case that what may be 
called the absolute fecundity value or worth of L] is diffcr('iil in 
the.se two breeds. An indication that this is the case is fonnd in 
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the following; figures. In the case of pure ,C.LG. matings 
factor Li is not present. All females in the .^Under 30’ class aie 
therefore either Lh or LLi in type. The mean winter pr due, 
tion of all pure CM.G. 9*9 in the ^Under 30’ class is 10.22 eggs. 
The mean winter production of all pure B.P.R. 9 9 in the 'Under 
30' class is 15.61 eggs. The probable errors in both cases are 
than 1. Of course the 'Under 30’ class in the case of B.P.R. q - 
includes the following gametic types: Lib, LiLi, bb, and LJ,. 
The last two do not occur in the pure C.I.G.’s. Granting the great> 
est conceivable influence to this, it is still evident that the Li factor 
of a Barred Rock ])robably means a higher winter production than 
■ the Li of a ( 'ornish Game. But if this is true then plainly the 
division or upper limiting point for the low fecundity class should 
not be at 30 eggs but at some lower point in the case of females 
bearing Li from a Gornish Indian Game source. If it be kept at 
30 egg.s for all birds, and there is a difference in the absolute fecun- 
dity value of the factors, then plainly some birds will be put in the 
low fecundity class, because of an ‘Under 30’ record, although 
they really carry Lo and belong in the high fecundity class.' Such 
a state of affairs would account for just such discrepancies as 
those observed in the matings under discussion. 

Maiings of Cornisk Indian Game males with Black a7id Barred f , 
females. Only one (M.G. male was used in these hf back-cross 
matings. This was C.I.G. cf 578. As \till presently appear, it is 
to be regretted that other Game males were not used, because of 
certain peculiarities arising in the results of some of these matings. 
From pure Cornish and Li matings y 578 has been shown to have 
the gametic con.stitution /bb . /bb. 

Male 578 was mated with 3 black Fi females indicated to be of 
the type /Lib • /'’Lib, with tlie following results: 

(M.G. 0^ / (Ji . f /,/, X 9fLL ■ FLJ,. 


Winter l^rottuetion: 

9 Progeny 

Orer 30 

Under 30 

Zero 

Obsnrved 

. 1 

9 

1 

Expected 

, 0 

11 

0 

Mouii winter prod u(.‘ tion 

.... 41 eggs 

9,07 eggs 

0 egg.‘ 
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It will' be noted .that the one 'Over 30’ bird laid but 41 egj^s. 
'flio record probably represents a fluctuation from, the ^ Under 30’ 
p|.;,ss. In general the agreement between oliservatiou and expe(‘- 
tation is satisfactory. 

Turning to the matings of c" 578 with bariTd Ui femates we 
laeet the only case in the whole investigation whi(‘li is ap]>arently 
uuconformable. It will therefore be well to tliscuss it in detail. 
The facts are these: 578 was mated with four barred h\ feinales, 
of which three were in the ' Over 30’ class and one was a poor layer. 
\Micii mated with any of these the high laying biivls one half of 
578’s daughters should have been in the ‘ Over 30’ and one-half 
ill the ‘Under 30' class. Mated with the poor layer only zero 
birds should have resulted. Nothing like this actually happ(aied. 
The observed outcome was that shown in the following table: 

.UnOkj? 699 (cToTS X 9 411) gave 13 adult tlaughters, with witUer ri'rord.s as 
follows:' 6'4 fiO, 56, 32d 30, 1 28, 27, 26, 26. 7, 5, 5. 2. 

Mating 700 {d 57S X 9 422) gave 7 adult daiighlors wirli wiut('f n cords a.s fol- 
lows: 47, 47, :13, i 26, 11), 15, 9. 

Mathig 701 {d 578 X 9 414) gave 5 adult daugliKu-s with winhus naaijds as 
folIaws:'| 23. 16. 5, 0, 0. 

Moling 702 ((X 57S X 9 423) gave II adult daiiglucrs wifh wiiitiu- n'conis as 
follows: 40. 34, ( 28, 26, 21, 20, 17. 15, 13. 10, 4. 

These records are characterized by four striking facts: ia) tlu' 
large number of 'Over *1^0’ records when none is (‘Xjiected, ib) 
the large number of high ‘Ibider 30’ records, (/;) tli(‘ absence 
except in one mating of zero records, and {d) tint sharp bi-(‘ak 
within the 'Under 30’ class, especially to be ii(}t(t(l in mating 000, 
but also clear^in each of the others. 

Now these four matings were remarkable in othci' rc'spccts 
than the egg records of the progeny. They gavtt an exlniordi- 
narily high hatching recorth This is shown in taltlc 32. 

Considering that these figures includ(' all eggs set during llu' 
whole hatching season it is eiideid that fh(‘ record is rclaliiady 
very high. In a former paper (30) I ha\’e shown floe. cit.. tabin, 
H, p. 131) that for the high laying Barred Rock matings th(‘ nieuii 
percentage of fertile eggs was 80.7 per cent., while 55.1 piu* c(‘nt 
of the fertile eggs were hatched. E\'eu those results could only b(' 
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TABLE 'i2 

Sk<}>ruuj the hatching rccordfi of cf matings 



E(;<;s SET 

KOaa INTERTII.K 

EOfiS FERTILE 

CH-CKS HaICHL, 


■>s 

0 

58 

40 

m 

oi 

(1 

57 

1 37 

701 

37 

1 

36 

27 

702 

10 

5 

U 

37 

Is 

201 

0 

195 

147 


Pc^r ('Lilt of eggs fertile = 97,01. 

Per eciit of fertile eggs hatched = 7o.^-}8. 

considered very ^ood taking all the facts into consideration. 
These back-cross matings of 578 far surpass those records. 

One can only cttiicliide that for some reason not apparent the 
matings 699 to 702 were physiologically extremely favorable. 
Tliere seems to have been a what the breeders cfhll a ^nick' here 
of unusual character. These matings were noticeable throughout 
ttie hatching season not only for the large number of the chick, s 
produced, but also for their extra fine, ^ugorous character. The 
cliick mortality from these matings was low. 

As has been pointed out at the beginning of this, section of the 
paper, theiv undoubtedly exist differences in what might be called 
pliysiological cornpatibilit}' between fowls of different genotypic 
constitutions. Some concrete data regarding this have been 
published in a previous paper (39). More will be presented 
later. While some gametic combinations (at least at their first 
syntliesis) lead to jdiysiologically weak and abnormal individuals, 
others produce individuals which m vigor, rate of growth, etc., 
surpass the normal. This phenomenon is perhaps more clearlv 
and strikingly shown in pre-natal mortality (embryos dead in 
shell) than b>' any othei* character in fowds which can readily be 
measured. I hope shortly to publish a paper on this subject, and 
will only anticipate that paper here to the extent of saying that 
all the experience in this laboratory with cross-bred poidtry agrees 
in showing that while there may be differences in the ease- or suc- 
cess with which fertilization of the egg occurs in breed crosses, 
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iiu'se arc relatively unimportant as comiiarcd n itli flie diffoi-oiitiul 
...nbryonic mortality. The proportion of embryos which start 
io develop, but lack the power to complete developineni is uui- 
foriiily much greater for some hereditary comhimii ions than for 
others, regardle.ss of the particular individuals used as i)aronts,, 
and under uniform conditions of Incubation and of housing and' 
folding the parent stock. 

It is in this direction that I am inclined to look for tlu' ex])lana> 
tion of the discordant results of cT o78’s matings Avith havivd 
females. The records. give one the impression that the potem^y 
or absolute fecundity value of the several gametic factor’s had, 
because of the super-normal physiological condition, hwn Ixalily 
raised considerably above the normal for the strains used in these 
experiments. One cannot escape the feeling that all these birds 
were making higher records than individuals of the same gametic 
constitution bift, of more ordinary physiological (*haracter in gen- 
eral would have done. The scale of fecundit}' values lias a])par- 
ently shifted in an upward direction; in other words sometliing 
similar to what occurs when two inbred strains of maize are 
crossed happened here. 

Along this line is the onty explanation for the outcome of these 
four matings that I am able to suggest. It is cputi' possible that 
it may haveaio bearing, and that the results are due to some peculi- 
arity of gamete formation which can be suggested by some one. 
Personally, however, I am more inclined to kee]j to the solid 
ground of the observed physiological peculiarities of these mat- 
ings rather tlian*to 'juggle the genes.’ Even in the hands of an 
adept the latter procedure runs some risk of taking one a great 
way from any solid ground of fact whatevei’. 

Regarding the^se four matings 699-702 the following facts arc 
definitely known: 

1. High fertility of eggs. 

2. Smallest embryonic (pre-natal) luortality of any particular 
2;ametic combination yet experienced in the work of this labora- 
tory. . 

3. Great vigor and vitality of chicks at batching and during 
growth.' ^ 
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4. Wtry low chif-k and adult mortality, 

5. A hi^^her egg j)roductiou in practically all adult daughters 
than would be expected from the gametic constitutions per se 
of the parent forms, the latter being definitely known from their 
pedigr(‘es and from their behavior (cf 578), or that of their 
full sisters in other types of matings. 

, I cannot escape the conviction that in some way the fu-si 
. four of these facts are connected with the explanation of the fifth. 
There th(' matter must be left for the present. 

This cas(‘ ])oints to the importance of the physiological stud/ 
of individuals in genetic work involving crossing. Only the most 
supta-ficial as])ects of this subject have ever been touched. The 
'increased vegetative vigor' of first crosses is clear in some 
iustaiiccs, but \'ery far from being so in others, and nobod ' has 
ever sliown i)y a clean-cut physiological investigation why or 
how the phenomenon octmrs. Every breeder of experience knows 
that this is but one of many interesting and fundamentally sig> 
nificaiit physiological matters in connection with hybridizing 
and cross-biTcding which need investigation. The animal breeder 
knows further that there are real objective phenomena, and mjt 
mere idle .superstitions of the fancier at the basis of those things 
which the latter calls 'nicking’ and 'prepotency"/ for example. 
No doubt these things depend on simple genetic laws, but the 
point is ttiat we do not now know scarcely anything definite (i.e., 
sciontifically exact) about the phenomena, to say nothing of their 
underlying laws. The richness of the field which still remains 
(luite unworked on the purely physiological side of genetics is, 

I think, otily ap])reciated by the experienced breeder. 

SfMMARV AM) DISCUSSIOX OF RESULTS 
The faefii and their interpretation 

In this paper is i)reseuted a detailed analysis and interpreta- 
tion of a rather exteusi\’e series of data regarding the inheritance 
of fecundity in the domestic fowd. The basic data are derived 
from trap-nest records extending over a period of years. Tliey 
include records from [a) pure Barred Plymouth Rocks;. (6) ("or- 
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iiish Indian Gaines; '(c) the F i individuals obtained l)y reeiproeally 
crossing these two breeds; and {d) the F. individuals obtained by 
,.,ating the Fds inter se and back upon the parent forms in all 
p,,ssible combinations. The fully-pedigreed material made use 
id in this present paper includes something over a tliousand adult 
females, each of which was trap-nested for at least one year, and 
many for a longer period. This material covers four geuei-ations. 
The birds of the fifth generation have just com])leted tlunr winter 
records at the time of writing. Besides this fully iKMligreinl mate- 
rial, the collection and study of which has ocimpied Ww years 
there was available as a foundation, without wliicli the results 
discussed in this page could not have been reached, nine y(\‘irs of 
continuous trap-nest records for Barred Plymouth Rocks, involv- 
ing thousands of birds, which iiad been subjected during tliis 
long period to mass selection for increased egg production. 

Altogether it may fairly be said that the material on wlii(‘h this 
paper is based is (a) large in amount, (h) extensive in (‘hara,ct(’r, 
and (c) in quality as accurate as it is lumianly ])ossibIe to g(d 
records of the egg production of fowls (Pearl 31). On tlu'se 
accounts the facts presented are worthy of careful consideration, 
and have a permanent value quite apart from any interpretation 
which may be put upon them. 

The essential facts brought out in this study of fecundity appear 
to me to be the following : 

1 . The record of fecundity of a hen, taken by and of itself aloiK', 
gives no definite, reliable indication from which the probable egg 
production of her daughters may he predicted. Furtluu-uiore 
mass selection on the basis of the fecundity records of females 
alone, even though long continued and stringent in character, 
failed completely to produce any steady change in tyjie in the 
direction of selection. 

2. Fecundity must, however, be inherited since {a} there ari' 
widely distinct and permanent (under ordiuai’y breeding] differ- 
ences in respect of degree of fecundity between different standard 
l;)reeds of fowls commonly kept by poultry men, and ih) a study of 
pedigree records of poultry at once disco\xn‘s pedigree lines (in 
some measure inbred of course) in each of whicli a definite, jiarti- 
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cular flegroe of fecundity constantly reappears generation jrfn r 
generation, the dine^ thus ^breeding true in this pariicular. 
With all birds fin which such a phenomenon as that.noted und- r 
b occurs) kept under the same general envii^onmental conditio-,, 
such a result can only mean that the character is in some manut r 
inlicrited. 

Tho facts set forth in paragraphs 1 and 2 have been presentcti. 
and, I believe, fully substantiated by clean-cut and extensive 
evidence, in previous pa])ers from this laboratory. In the prf's- 
cut paper it is further shown that: 

3. The basis for observed vaiiations in fecundity is not anatom- 
ical. The number of visible oocytes on the ovary bears no defin- 
ite or constant relation to the actually realized egg production.- 

4. This can only mean that observed differences (variations) 
in actual egg productions depend upon differences in the com- 
plex physiological mechanism concerned with the maturation oi 
oticytes and ovulation. 

5. A study of winter egg production (taken for practical pur- 
poses as that from the beginning of the laying year in the early 
fall to March 1) proves that this is the best available measure ol 
innate capacity in respect to fecundity, primarily because it 
represents the laying cycle in which the widest difference exists 
between birds of high fecundity and those of low fecundity, 

t). It is found to he the case that birds fall into three well- 
defined classes in respect to winter egg production. These in- 
clude («) birds with liigh winter records, (h) birds with low wintei 
records, and (c) birds which do not. lay at all in the winter perioc 
(as defined above) . The division point between a and h for tlu 
Barred Plymouth Rock stock used in these experiments falls at i 
production of about 30 eggs. 

7. There is a definite segregation in the Mendelian sense of th( 
female offspring in respect to . these three fecundity divisions 

8. High fecundity may be inherited by daughters from thei; 
sii’e, independent of the dam. This is proved by the numeroii: 
cases presented in the body of this paper where the same propor- 
tion of daughters of high fecundity are produced by the same sire, 
wliether he is mated with dams of low or of high fecundity. 
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.i. High_ fecundity is not inlieritcd by daughters from their 
(i.un. This is proved by a number of distinct and independent 
lii, os of evidence, of which the most important are.: (a) continued 
.ciection of highly fecund dams does not altci- in any way the meuii 
egg production of the daughtei'.s (26, 27, 28, 30, 34, 35, 36, 37) • 
ib , the proportion of highly fecund daughters is the same wh'etlier 
(he dam is of high or of low fecundity, provided both are mated to 
the same male;'' (e) the daughters of a highly fecund daiir may 
show ejther high fecundity or low fecundity, depending upon their 
^^l•e; (d) the proportion of daughters of low fecumiity is thi' same 
whether the dam is of high or of low fecundity ])ro\-ide(l both are 
11 lilted to the same male. 

10. A low degree of fecundity may be inherited by the dmigh- 
tprs from either sire or dam or both. 

11. The results respecting fecundity and its inheritance stiiteil 
in paragraphs 3 to 10 inclusive are equally (rue for Barred Ply- 
mouth Rocks, Cornish Indian Games, and all cross-bred combi- 
nations of these breeds in Fi and ' 

The above statements are of definite facts, sujiported by ii 
mass of evidence. Their truth is objective and dej^iend.s in no wiiy 
upon any theory of inheritance whatsoever. With this (‘learly 
in mind we may undertake their interpretation. 

rt is believe that these general facts, and the detailed results on 
which they are based, are completely accouifted for and find their 
correct interpretation in the simple Aleudelian hypothesis resI)(^(‘t- 
ing the inheritance of fecundity in the fowl, which was outlined 
at the beginning of this paper and has been cheeked against the 
detailed data from each mating. This hypothesis involves the 
following points, each of which is supported by direct and [lerti- 
iient evidence derived either from physiological and statistical 

ihw is true, of course, only for certain f^ainetic tyj)cs of low feminUty females, 
as will be clear to anyone who has studied the detailed evidema,'. This limitation, 
liowever, in nowise diminishes the force of this particular evidence in^avor of the 
'.'inclusion standing at the beginning of paiagraph 9. 

And Fa, It has not been thought wise to delay publication of this paper any 
haiger in order to include the data for Fa. It may b{( said liow(‘V('r t hat they are in 
full accord with those which have been obtained from earliiu' cross-bred genera- 
and the parent forms. 
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studios of foouiidiiy, or from the detailed data respecting the mori^ 
of inheritance of this character. 

It is assumed in this hypothesis that. ^ ^ 

1 ddiere are three distinct and separately inherited facteis 
upon which fecundity in the female fowl depends. 

2. ddie first of these factors (which may be called the am.;- 
tomicalj d(d ermines the presence of an ovary, the primary organ 
(d the female s(‘X. The letter F is used throughout to denote tin* 

presence of this factor. , 

3. There are two physiological factors. The first of th('>|‘ 
rdenoted by Li) is the basic physiological factor, which wlicn 
present aloiie in a zvgote with F brings about a low degree of 
h-cundity ( winter record under 30 eggs) . This factor is under no 
limitations in gametogenesis but may be carried in any gamete, 
n'gtirdless of what other factors may be also present. 

4. The sec{)U(l physiological factor (denoted by L 2 ) when 
present in a zygote together with F and Li leads to a high degree 
(){ ftH'undity (winter record over 30 eggs). When Li is absent, 
however, and L. is present the zygote exhibits the same genenil 
degree of fecundity (under 30) which it would if L: were present 
alone. These two independent factors and L, must be present 
together to cause high fecundity, either of them alone, whothoi 
present in one or two “doses,’ causing the same degree of hw 
fecundity. 

■). Th(' second physiological facto]’ Li behaves as a sexdimited 
(sex-correlated or sex-liuked) character, in gametogenesis, accord- 
ing to tlie following rule: the factor is never borne in an^ 
gamete whic’h also carries F, That is to say, all females which 
beai- L. arc heterozygous with reference to it: Any female may 
be cither homozygous or heterozj^gous with respect to L]. An)^ 
male may be either liomozygous or heterozygous with reference 
to either Li, L 2 or both. 

Hoav well this hypothesis agrees with the facts has been shown 
in detail 'in the preceding sections. By way of summary the 
following table shows the accord between observation and exi^ec- 
tation for all matings of each general type taken together, tor 
reasons set forth below, the lumped figures do not give an alto- 
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tabu: 33 

^homiig the observed and expected distributions of irinirr cgn prodnclion for all 


mating 

All H-P.R. X B.F.K 

AIKM.G- X c.lg.... .. 

All l‘\ 

All Fn nnd bui'k-crossosU .. 

’ With exception of the i 


jyiatings taJ:cn lotjcificr 


WINTER 1‘UUDra 



Over 30 

[ ' Observod . . 

d()51 

; Expected . . 

oSl . 4-5 

j Observed . . 

2 

\ Expected . . 

0 

: Observed , 

36 

h Expected . . 

JO . 0 

1 , Observed . , 

7)7; 

Expected. . . 

(Id. 60 

a tings of ('.[.) 'i 

. c d7S X 


t>\ Of UAVCIlTKItS 

Itlill-fSa Zl>r.) 

2'u Jo 17. so 

•Ai ir. 

Jo 15 

71) S 

d() . 75 i) . 75 

hs‘ ’i:\ 

If') J)i) 15.. ‘ft} 

I hirr('(l F] v 9 . Uf. i>. 2 lt>. 


gether fair estimate of the matter, but some sort of a summary 
is necessary. 

Considering the nature of the material and tlu' (‘luiraeter dtailt 
with it can only be concluded that the agreement hetwetai ol)s('r- 
vatioii and hypothesis is as close as could reasonably l)e (^\pe(*tetL 
The chief point in regard to which there is a disci-ei)aucy is in the 
tendency, particularly noticeable in the B.P.IC X IhP.R. and the 
Fo matings, for the observations to be h\ defect in tln^ ‘Oven* oO’ 
class and in excess in the 'Zero’ class. The explanation of this 
is undoubtedly, as lias been pointed out in tlie body of the paper, 
to be found in disturbing physiological factors. The high pro- 
ducing hen, somewhat like the race hoi'se, is a rather iiiu’R strung, 
delicate mechanism, which can be easily upset, and inevented from 
gmng full normal expression to its inherited capacity in rc^spect, 
to fecundity. 

In order to forestall any possible change of manijiulation of the 
data to support a particular In^iothesis all of the figures (wilh the 
exception of 7 birds discussed on p. 233 and the F> mating ol cY 
578) have been entered throughout exactly as they stood on the 
original hooks of record. That is to say, some liirds known to 
be physiologically abnormal or pathologi(‘al have not been re- 
jected, but have been entered in the tabk^s aud then discussed in 
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the accornpanying text. Whether this is accounted a justifiable 
f)r(>cedure or not will depend upon one’s point of view in some 
de^rc(\ The investigator is usually expected to reject abnormal 
matfM'ial. But in view of the rather hysterical attacks upon 
geiK'ticists and their method of work now becoming so fashionable 
in this cijuntry, if for no other reason, it seems best to follow 
the plan of publishing all the data. The opponents to the views 
which underlie the Mendelian interpretation here advanced ai^e 
(piite welcome to make as much capital as they are able to out of 
the discrepancies between observation and theory in the several 
tables. It seems only fair, however, to ask that a judgment of the 
adeciuacy of tlie hypothesis be not formed from this summary 
table but instead from the detailed data in the body of the 
paper. 

Possible crilicisfyis 

III consideration of the fact that this paper, con statutes one of 
the first attempts to apply a Mendelian interpretation to the facts 
regarding the inheiatance of an economically productive character 
of an animal, and in view of the possible application of the results 
or the nudhods of this paper to other productive characters of 
other organisms it is important to cjiamine carefully and critically 
the nature of the evidence and the objections which may be 
brought against the conclusions. In the first place it is important 
to note once more that the data and their interpretation are kept 
separate throughout, and that the value of the former is not 
lessened iif the latter is later found to be completely invalid, or in 
need of modification. It^ is scarcely necessary to say that the 
Mendelian hypothesis here presented is the only simple one which 
the writer has been able to discover, after over two years of 
study directed (whenever the time avas available) towards this 
particular end, vhich is capable of accounting satisfactorily for 
all the facts. Very many other Mendelian schemes for the 
inheritance of fecundity have been tested against the facts in the 
course of the work and discarded, one by one, because inadequate. 
Of course, it still remains quite possible, though perhaps not very 
probable, that there may be an even simpler hypothesis which 
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veil equally well or better account for the facts. If so, by all 
{ij'-ans let us have it. But in the meantime, it may he fairly b(^ 
that the hypothesis here presented brings together under a 
ic\\\ symbolically simple, general statements a wide range of very 
(Inerse and complex facts of inheritance. 

The strongest general evidence that the Mendeliaii iuqxUhesis 
here presented is at least a close approximation to the truth in 
resjiect to the inheritance of fecundity in the fowl is fomui in 
the fact that it accounts equally well for so wide a range of diverse 
phenomena. In the t^vo 'pure’ parent races, ojie of generally 
high and the other of generally low fecundity; the two re(‘iprocal 
crosses; and the twelve different kinds of matings in F,, we have a 
series of really independent measures of the validity of the hypothe- 
sis. It accords with the facts in all but one (the matings of C.l.t i. 
c’ 578 with Barred 9 9) of all of the different types'^of matings 
tested. . The one exception probably has a physiological explaiia- 
tioii (pp. 246~^0). In view" of these facts the cumulative proba- 
bility that the hypothesis applied re])resents at least a reasonable 
approximatign to the true interpretation of the results becomes 
very great. 

A possible criticism of the whole method of this investigation 
might be found in reference to Ihe measure of l'ecundit>" which 
has been used throughout, namely, the winter egg piHjduet ion. 
Regarding this- matter it should be said that the \Try reason wliy 
winter egg production was adopted as the unit of measure in all 
f)f the fecundity work of this laboratory w as because a thorgiig^i 
biometrical and physiological study of egg [jroduction in fowls 
showed beyond question that winter production w-as the liest 
piacticable index or measure of a fow-Rs innate or constitutional 
capacity in respect of fecundity. The reasons for this c(mclusiou 
have been set forth in this and former papers from the laboratory 
and need not be repeated in e:denso here. The most significtint 
of them is that the differences in observed production between 
individuals of different innate fecundity capacities are relativelv 
greater in respect of winter productions ^than of any other time 
unit that can practically be employed in the measuring of this 
character. To suppose, how"ever, that the results set forth in this 
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pappr depend for tiieir existence upon the use of this particul .i- 
time [jeriod of production as a measure of fecundity has no warrant 
in Faf't. Precisely the same results (in principle) would be oii- 
tabled if yearly [iroductioji records were used in the analysts. 
Dui'ing the whole of this work complete yearly records have ber^i 
kejit and have been studied. They show in every essential par* 
tieuhir the same kind of results as those of this paper. There luo 
object ions to the use of tiie year as a unit of measure, howevi i- 
which may not be obvious to one inexperienced in these matters. 
In the first place, it is very much more difficult to keep large flocks 
of hens in normal, and healthy physiological condition over a 
wholf', year period than over a shorter period. Again the risk of 
an a(“cident (say the use of bad feed or something of the kind 
occnrrhig and upsettiiig the birds physiologically, and coincideudy 
reudcring their fecuiulit\^ records abnormal and in greater or less 
d('gree usidess, is increased just in proportion as the time nnil is 
incnvised. Ibirthcr the year period includes as a, too dominant 
haiture, the spring egg production. The production during the 
mouths of March, April and May is practically worthless (and 
lias long ])een so recognized by experienced poultrymen) as an 
index or measure of the true, innate or constitutional fecundity 
capacit>^ of the individual. Dtiring these months (in northern 
latitudes) all liens vdiich are not diseased, malformed, infantile 
or senile, lay auywhei'o from Avell’ to S-ery well.’ There is rela- 
tividy little difference between the most and the least fecund at 
this Reason. This ixnaod is therefore worthless as a measure of 
fecundity, and its iiudusion in any longer period makes that by 
so much the less valuable as a measure. 

In view of all these considerations it seems certain that the 
results obtained are not open to criticism on the ground of the time 
unit used as a measure of fecundit3^ 

Another matter which needs careful consideration is as to the 
possibility of unconscious bias having influenced the results theiii- 
.seh'cs. In other words, to what extent does the personal equa- 
tion factor enter into this fecundity work? It can be fairly said. 

I tliink, that there is fess opportunity for unconscious bias to 
affect the result^ here than in genetic work on most other charac- 
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The reason is because of the impersonal and object i\'e 
riuiracter of the original records in the case of fcHanulify. The 
uriginal trap-nest records on wlxich this whole study is basinl wow 
iiiade by Mr. F. Walter Antlersou. He Inul neither knowledge 
( if, nor interest in^ the use of which any parti(*ular recoi-d or set of 
records were to be put. He was solely coucei'ued to nnike as 
aecurate record as possible of the laying of ea(‘h individuaJ hen. 
The system of record taking used is such that it was impossjl)l(' 
fcir him to have any notion of what the total prodmUiou of any 
given bir(i up to a particular date had been. Tlu' chaiua' foi- 
l)ias or personal ecpiation indueucing results is ex(‘lud(‘d when, 
as in the present case, one jxerson makes tin' basic i*(*cords, and 
has nothing whatever to do witli their analysis, while auotlua’ 
person analyzes the data but has nothing direetiy to do with, their 
(‘(dlcction. 

Another safeguard on the results in this same direidiom and also 
in another, is found in the fact that birds belonging to th(‘ same 
family (full sisters) were not given idenlilying juiml)(M's whi(“h 
would make it possible to be (‘crtain or even to surmise that the\' 
were sisters, without consultation of the pedigree reeords. Th(‘ 
numbering of the bir^ds for identification each yea,]* was juirely at 
random and without any regard whatsoever to relationship. 
Furthermore members of the same family wow distributed at 
random through the different pens and houses. \o attcaupt is 
ever made, from the day the chicks hatch, to kee]x the birds from 
one family together. Indeed it is important tluit they Ue iicat- 
tei’ed at random through the flock in order to insure uniformity of 
average environmental conditions. 

The writer has no desire to generalize moi’e widely from the 
facts set forth in this paper than the actual material experimeu- 
tally studied warrants. It must be re{‘ognizcd as [)ossil)le, if not 
indeed probable, that other races or breeds of poultry than those 
nked in the present experiments may show a somewhat tlifferent 
scheme of inheritance of fecundity. The directions in which devi- 
ations from the plan here found to obtain may, at least a priori^ 
most probably be expected are two. These avo: (a) differences 
in different breeds in respect to the absolute fecundity \'alue or 
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W(jrlh of the factors which deterinine the expression of this char- 
acter, and (h) gametic schemes which differ from those here found 
either in the direction of more or fewer distinct factors being con- 
cerned in the determination of fecundity, or in following a totally 
different type of germinal reactions. 

Regarding the first point it will be recalled that in several places 
in tlie body of the paper it has been suggested that the absolute 
fecundity value (i.e., the degree of actual fecundity determined 
by the -presence of the gametic factor) may differ for fhe factor 
Li in the case of the Barred Rock as compared with the Cornish 
Indian Game breed. It is hoped later to take up a detailed study 
of this point, on the basis of the material here presented, and 
additional data now in process of collection. Wherever there is a 
difference in the absolute fecundity value of the Li factor, it 
means that the division point for the classification of winter pro- 
ductions should ])e taken at a point to correspond with the physio- 
logical fa(ds. In this first study the division at 30 eggs has been 
found to accord sulliciently well for practical purposes with the 
actual facts. Similarly the absolute fecundity value of the excess 
production factor I. may be different in different breeds. In 
applying the results of this paper to the production statistics of 
other breeds of poultry the possibility of differences of the kind 
liere suggested must always be kept in mind. 

The set'ond ]3oint (the possibility of gametic schemes for fecun- 
dity differing qualitatively from that found in the present study) 
is one 041 whicli it is idle to speculate in advance of definite inves- 
tigations. I wish only to emphasize that notliing is further from 
my desire or intention than to assert before such investigations 
have been made that the results of tlie present study apply un- 
modified to all races of domestic poultry. 

It cannot justly be urged against the conclusions of this study 
that the Mendelian hypothesis advanced to account for the 
. results is so complicated, and involves the assumption of so 
many factors or such complex interactions and limitations of 
factors, as to lose all significance. As a matter of fact the whole 
iVIendelian interpretation here set forth is an extremely simple 
one, -involving essentially but two factors. This surely does not 
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iiuiicate excessive complication. To speak in matheinat ical terms, 
}a way of illustration merely, it ma>' fairly be said, that the for- 
iiuila here used to 'fit’ the data, has essentially the eharacteu of 
true graduation formula, rather than that of an iuttapohition 
iormula. The number of constants (here factors) in tluTorimila 
certainly much less than the number of ordinates to be or-ulil 
;ltcd. 

There is^no assumption made in the {)resent .Meudelian inteipre- 
tatioii which has not been fully demonstrated l)y oNperinumta.! 
work to hold in other cases. That the expi-ession of a charafder 
may bo caused by the coincident presence of two (or more) sepa- 
rate factors, either of which alone is unable to bring it about, has 
been shown for both plants*^ and animals by a whole sei-ies of 
studies in’this field of biology during the last decade. To find 
examples one has only to turn to the standard hand-books sum- 
marizing Mendelian work, as for example those of Bateson and 
Baur. Again sex-lirkage or correlation of cliaracters in inhei*- 
itance has been conclusively demonstrated for sevei'al characters 
in fowls by the careful and thorough experiments of a number of 
independent investigators. Finally it is to be noted that Bate- 
son and Punnett (4) have recently showfi that the inheritance of 
the peculiar pigmentation characteristic of the silk>' fowl follows 
^ scheme which in its essentials is very similar to that liere woihed 
out for fecundity. 


The seleriion problem 

The results. of the present investigation have an interesting and 
significant bearing on the earlier selection experiments on haMin- 
dity at this Station. It is now quite plain that continued selec- 
tion of highly fecund females alone could not even be expected 
to produce a definite and steady increase in average flock produc- 
tion. The gametic constitutimi of the male (in respect especially 
to the Z >2 factor) plays so important a part in diderminiiig the 
fecundity of the daughters that any scheme of sekHdion which 

Particularly important here are the brilliant researches of Xilssoii-Klile 
(24, 25) on cereals, and of Baur (2) on A}dirrhinum, 
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Idft this out of account was really not 'systematic’ at all but 
rather almost altof^ether haphazard. It has been repeatediy 
shown in the body of the paper that the same proportion of dauji;li- 
ters of lufi;h fecundity may be obtained from certain mothers «,f 
low fecundity as can from those of hi^i:h fecundity, provided botli 
s(!ts of mothers ar(‘ mated to males of the same gametic constitih 
ti<jn. What gain is to be expected to accrue from selecting high 
laying mothers under such circumstances, at least so far as eoio 
c(u-ns the daughters? 

'Selcctioid to the breeder means really a system of breeding. 
‘Jak(‘ f)jT)duces like,’ and 'breed the best to get the best:’ these 
epitomize the selection doctrine of breeding. It is the simplest 
system conceivable. But its success as a system depends upon 
the existence of an ectual simplicity of the phenomena' of inherit- 
ance. If the mating of two animals somatically a little larger than 
th(‘ avTi-age always got offspring somatically a little larger than 
th(^ a\'erage, breeding would certainly offer the royal road to 
riches. Ihit if, as a matter of fact, as in the present case, a 
cliaracter is not inherited in accordance with this beautiful and 
ciiildishly simple scheme, but instead is inherited in accordance 
witli an absolutely different plan, which is of such a nature that 
tile ap]ilication of the simple selection system of breeding could 
not possibly have any direct effect, it 'would seem idle to continue 
to insist that the prolonged application of that system is bound 
to result ill improvement. 

It seems to me that it must be recognized frankly that whether 
oi’ not coiitinimd selection of somatic variations can be expected 
to produce an effect on the race depends entirely on the mode 
of inlieritanco of the character selected. In other words, any 
systematic plan for the improvement of a race by breeding mii:"t 
be based and operated on a knowledge of the gametic condi- 
tion and liehavior of the character in which improvement is 
sought rather than the somatic. Continued mass selection of 
somatii* variations as a system of breeding, in contrast to an intel- 
ligent ])lan based on a knowledge of the gametic basis of a char- 
acter and how it is inherited, seems to me to be very much in the 
same case as a man who, finding himself imprisoned in a dungeon 
with a securely locked and \'ery hea^y\' and strong door with the 
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l,,.y on the inside, proceeded to attempt to out by beating 
and kicking against the dooi- in blind fury, rather tlian lake the 
tj.niblc to find the location of the key and uiihx'k the door, ddierc' 
is just a possibility that he could finally gel out in a .very few 
ju.^tanccs by the first method, but even in those (‘ases he would Ix' 
regarded b^ sensible men as rather a fool for his pains. 

Of course what has been said is not me^int to imply tliat selec- 
tion on the basis of somatic conditions may not Inu e a part in a 
well considered system of breeding for a particular end. In 
many cases it certainly will Iuutv Thus in the case of fecumlit>' 
in the fowls, selection of mothers on tlic basis of fecundity records 
is essential in getting male birds homoz>'gous Avith n^spect to 
Li and L 2 . But the point which seems particularly clear in the 
light of the present results is that blind mass selection, on the 
basis of somatic characters only is essentially a haidiazard systmn 
of breeding which may or may not be successful in changing th(' 
type in a particular case. There is nothing in the method per .sc 
which insures such success, though that there is iuhcroiit poteiu'V 
in the method per se is precisely the burden of a very gri^at jiro- 
])ortioii of the teaching of breeding (in wdiatever form that teach- 
ing is done) at the present time. 

It seems to me that it has never been demonstrated, up to 
tie present time, that continued selection can do anything more 
than: 

1. Isolate pure biotypes from a mixed population, which con- 
tains individuals of different hereditary constitution in la sp(M*t 
to the chk’acter or characters considered. 

2. Bring about, as a part of a logical system of briH'ding for 
a particular end, certain combinations of hereditary factors which 
would never (or very rarely) have occurred in the abseuc(‘ of such 
systematic selection; AAdiich combinations give rise to somatic* ty])es 

hich may be quite different from the original tyi>es. In this 
a real evolutionary change (i.e., thc^ formation of a race 
of ?^Vilitatlvely different hereditary constitution from anything 
existim^ before) may be brought about. This can unquestion- 
ably be Mone for fecundity in the domestic fowl. But here selec- 
tion’ is sniiply one part of a system of breeding, which to lie su(*- 
ccssful miist be based on a definite knowledge of gametic a'^ well 
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a.s sonuttic conditions. It m very, very far removed from a bli; 
‘hrccdin^^ of the best to the best to get the best.’ The lat 
j)lan alone may, as in the case of fecundity, fail absolutely io 
bring about any progressive change whatever. 

It has never yet been demonstrated, so far as I know, that the 
absolute somatic value of a particular hereditary factor or deb i'- 
miimnt its power cause a quantitatively definite degree of 
somatic development of a character) can be changed by selection 
on a somatic basis, however long continued. To determine, by 
critical experiments which shall exclude beyond doubt or qu(‘‘- 
tion such effects of selection as those noted under 1 and 2 above, 
whether the absr)lute somatic value of factors may be changed 
l)y selection, or in any other way, is one of the fundamental 
problems of genetics. 

Prepoteiicy 

One of the least understood phenomena in genetics is that 
which the practical breeder calls ‘prepotency.’ When the scien- 
tific student of genetics deals with the matter at all he is rather 
apt either tp throw it over entirely as a 'breeder’s superstition,’ 
or to take it as something ‘given’ to help him out of a difficulty 
in the interpretation of results which fail to conform to expecta- 
tion. Some time a inore searching investigation of this phenoiuf- 
non must be made than is implied in either of these lines of pro- 
cedure. 

In a former paper (27, p. 324), it was suggested that the evi- 
dence indicated, for ceidain productive characters at feast, that 
hereditary high performance tended to behave as a Mendelian 
dominant to hereditary low performance. The following state- 
ment was then made: 

If this suggestion is true it gives at once, I think, a possible clue to lh<‘ 
explanation of a ])art at least of the known facts regarding what is ealle'i 
prepotency in the pradical breeding of domestic animals for performaiye. 
It is customary in practice to. regard an animal as prepotent in breeding 
for performajice when the progeny of that individual uniformity t'-ncl to 
resemble it closely in resi^ect to the character bred for, regardless of the 
other ])ar(mt in each mating. Let it now only be considered that the 
great sire, say, of spec'd or of milk production belongs to a line having a 
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ilio-h genotype with regard to tliose charaeters: tl^on it is to lie expected, 
^>n the hypothesis under consideration, that his ])rogeny will tend on tlu* 
aviTagc to be like himself in performance r(^gardless of what h(' is mated 
with, because any female to which lu* is niaUal will ho eitlua* of a high 
genotype like himself or of a 1ow(t one. But if genoty]h(‘ high i>i'rform- 
aiico is dominant over genotypie lower performance, than all the off- 
spring in the fjrst generation must approximate to th(‘ high eonditiun 
exemplified in the sire. But this is the very essciua' of what is (‘alhal 
prf^poteney in actual breeding pradice. 

It seems to me that certain of the facts set forth in this ])apor 
give strong support to this view. A class 1 IkP.H. v ( = . 

/• 7 >i/> 2 ) will get all high producing daughters (barring physio- 
I(»gical defects of development) regardless of the females to which 
he is mated. He will show all the objective phenomena of ‘pre- 
potency.’ B.P.R. d" 550 is an example of this. A (‘lass 7 B.P.JP 
male would, in breeders’ parlaTico, be regai-ded as less ju'epotent 
then a class 1 male, but, even so, more jiiepotent than the general 
run of the flofje. 

The essential point here shovdd not be misundoi’stood. It is 
not, of course, contended that simple Mendeliau hlomina.neo’ 
in general, and prepotency are the same tiling. Moi(‘ than that 
is demanded. It is only suggested that a homozygous dominant 
individual, when high performance is dominant over low^ has all 
the objective characteristics of a prepotent individual in the 
•breeder’s sense. 

That this suggestion explains all the facts regarding prepo- 
tence is by no means asserted. It seems to me, however, that 
it does furnish the explanation for a part of the phoiHRueua at 
least, and by so much helps towards a final solution, since it 
brings us nearer to the kernel of the problem. 

The practical hearing of these results 

To the practical poult ryman the data and conclusions of this 
paper would appear to have some significance. They make it 
poJ^ible to outline a scheme of breeding for increased egg pro- 
duction which shall be intelligently directed towards the attain- 
ment^! that end. This, however, is not the place to discuss such 
a scheme. That will be undertaken later in another place. 

THE JOeSNAL OF EXPEKIMENTA.L ZOOI.(.)OY, YOL. 13 , >'0. 2 , 



m 


RAYMOND PEARL 


III hritijj-ing this long piece of work to a close I desire to express 
ttiy deep obligation and gratitude to those who have aided in the 
carrying out of the investigatioiu All of raw data (the trap-nest 
recordsj were made by Mr. Frederick Walter Anderson, and 
ch(.'cked and copied by Mrs. Lottie AlcPheters Maxwell. Lack- 
ing the stimulus of scientific interest in the outcome, these two 
assistants have collected and handled these data with never- 
failing fidelity to the highest ideals of scientific accuracy. Such 
unswerving loyalty to the Station, the Biological Laboratory, atid 
the investigation itself as they have shown is worthy of the 
highest praise. 

Finally, my greatest debt is to my good friend Dr. Charles D. 
Woods, the Director of this Station. Without liis loyal support 
in every possible way, his ever-ready encouragement, and his 
far-sighted and broad-minded appreciation of the spirit and 
meaning of scientific research, this investigation could not have 
])een carried out. He it was who laid the basic plans fourteen 
years ago for the egg-production studies of which the present 
investigation is the outcome. His \vas the faith which put at 
the disposal of the wmrk greatly increased financial and material 
support at the very time when the outlook for any significant 
practical success from the experiments seemed darkest. It would 
indeed be a fortunate thing if such a broad and thorouglfiy and 
])urely scientific spirit was more generally to be found in executive 
control of agricultural research in this country. 
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1. [Nd’ItODUC'TlOX 

This paper is th(‘ result of im investigation into the r61e playt d 
by tli(‘ ‘physiological state’ of the organism in detennining its 
n'actioris. Jennings ('(lii, pp. 280-292) summed up the \^rk 
along this line, by Moebius (73), Romanes (^8o), Preyer (^SOj. 
th'xkiill ('97, ’99. '00,) Yerkes ('02), Smith (’02), Pearl (’03), 
Mast ('03), Bohn ('03, '03 a, ’05), p amble and Keeble (’03), 
Yerkes and Huggins (’03), Jennings (’04b, ’04d), Spaulding (’04), 
Holmes (;05) and Harper ( 05). From this work he drew the 
following eonchisions: (1) Changes in activity depend on changes 
in physiological staters. (2) Reactions to external conditions 
depend .on physiological states. (!>) The physiological state 
may be changed l;)y (a) ]4rogressive internal processes, (b) by the 
action <4 external agents, (c) by the activity of the organism. (4) 
Fxtei’ual agemts cause rcnictions by changing the physiological 
stale of (he orgauisin. (5) The behavior of the organism at 
any momeui di'pei ds on its physiological state at that moment, 
fli) Physiological states change either according to the laws 
aliectirg metal)oli>m or according to those eontrolling stimula- 
tioin 

Thes(' statements. howevcT, were supported by little direct 
experimental evideiua^ and Jennings recognized this, for ho says 
(’0(), p. 251): 

The diverse physiological stales of lower organisms have been little 
sludied dJiis is partly Ix'causc it is rarely possible to observe tlaia 
directly; it is only through their effects upon action that they become 
evid(‘iit. Thus th(' real data of observations are the actions; if we on- 
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vider these alone, wo could only state that a organism reacts under 
• he same external conditions sometimes in one way. sometimes in 
another. This would give us nothing on wliieli tt> base a formulation 
and analysis of behavior, so that we an' eompi'lletl to assume t lu' i'xistt'iiee 
,a' changing internal states. This assumption besidi's In'ing logic.ally 
n('cessar\h is of course, supj)ort('d liy much j)ositiv(‘ (‘vi(lem*<' drawn fnnu 
divcfte fields; and there is reason to bclicrc that in time ar shat! he able to 
Andy states directly} Before we can come ton full \mderstaiuling of 
behavior, we shall have to sul)j(‘ct tlie physiological states nf organisms 
to a detailed study and analysis, as to their ol)j('rtiv(' natima <-auses .and 
effects. 

In commenting on Jennings’ position. Must (Ml, jip. 375-378) 
placed some emphasis on another factor. Ho said in part: 

It is evident, that while there is some (>vid('ue(‘ iK-arlng on physiological 
states wc know but little alxnit their natuia' and n'gulation. b’or all 
tJ|at is known to the contrary, subi('ctiv(' factors, eutehadiies, or psy- 
choids, factors foreign to i]iorgani(‘s, may have a hand in controlling 

physiological changes and {:()iis('{pi('ntly the rc'actious 

Whether or not there are any such plienonu'ua is tin' (piestion at i^suc. 

. . But until this^ciuestion is s('ttle(l , . , . those who 

maintain .... then' ar(' no ('nti‘l('clii(‘s an' certainly no more 
scientific than those who maintain tin' opiiositi'. 

The analysis of the relationship existing b('tween tin* ])liysio- 
logical state of the isopods used and tlndr rhootaedic reaction has 
been carried on in accofdanee with the statements of Jc'nnings 
just quoted. The work has proc{'('(ltMl far {'iu)ugh at pr{'.''^ent to 
enable one to predict with certainty the action that will result 
.from a physiological state experimentally produ(*ed, sotlmtiu 
this case the behavior of the animals Ix coim s a cln'ck on tlu' pro- 
duction of a physiological state as well as an in.di(uitor that a 
change must have occurred. AVhik' it is as y('l im[)ossild(' to 
control with certainty all the minor details of the reaction, yet 
sufficiently complete control has been inaiDtajned to sliow that in 
the rheotactic response with these' animals tln'i'C' is no necessity 
to call in any" ^factor foreign to inorganics’ in orde'r to ('xplaiii the 
changes in physiological states. 


^ Italics mine. 
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1 . MATERIAL 

Th(' iso pods used in this study have almost all been Aselliis 
eojiuuunis Say. In a very few cases trials have been made with 
Maneasellus dauielsii Rich. Asellus communis is the con^mii 
frc'sh w'ater isopod. Richardson (’05, p. 420) gives its distribu- 
tion as exUmding from Massachusetts and Connecticut on the 
east to Illinois and Louisiana on the west. Near Chicago it is 
found throughout tin* year in the older ponds of the series at the 
south end of Lake Michigan (Allee, ’ll, p. 126; Shelford ’ll a, 
maps) and in yf)img streams, particularly those wdiich have per- 
manent |)ools and temporary riffles. Most of the stream isopods 
used in the course' of this work were taken from the County Line 
Creek near (llenc()(\ Illinois fShelford ’ll, maps pp. 14; 17). In 
general their stream distribution parallels that of the horned dac^, 
Semotilus atronuunilutus (Shelford ’ll, p. 17). In the spring 
these isopods ari' very abundant in the small temporary ponds 
('specially where there is a thick covering of leaves over the bottom 
w'hich guards against too severe desiccation in the dry periods. 
The Maticasellus dani('lsii have noAnu' been taken from a stream or 
from th(' small summer-dry ponds in this vicinity. They are 
limited mainly to the s(Ties of ponds mentioned above, although 
some IniA'c l)een taken from a spring ^ed, watercress marshal 
Cary, Illinois. In the Chicago ar(^a they have never been found 
in a plaoe not containing A. communis. 

Ill earl}^ siiring tlie isojiods are usually found along the margins 
of tlie ponds, later in tlie season they are more common in deeper 
wiitev (Alice, Tl). I'lipy wraAvl around over the vegetation and 
bottom and ar(' almost never seen swimming. There is a dis- 
tinct daily movement that is more pronounced in the deeper 
w'atcu'. ner(' thcA’ are more iiiunerous at the surface during linies 
of dim light and retire to the bottom when exposed to bright sun- 
light. If the pond dries, they burrow into the mud and are ilius 
able to withstand droughts extending over several months. Iii 
the streams, they are usually found in protected positions, often 
hiding among a bunch of leaves or other debris. In streams w'itli 
rocky beds they may occur under stones. 
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Alucii material collected from all places isopods are known to 
ifiKabit in this regioi!, was identified by Miss Richardson in 1010 
;)s consisting entirely of the two species mentioned. The appear- 
jiitce of the two is entirely different, so that there is no ehance of 
-my ot the results obtained being due to a mixing of speeies. 
Regarding A. communis, Aliss Richardson says, in a private com- 
niuiiicationi 

Asrllus communis iy a very variable species. Tlu' uropods in s(>im> 
sprciinens differ considerably from the typical form, in Rtang shorlta* 
and of varying lengths, while in otlier speeinums tliey ar(' nairow(‘r. 1 
think these differences may l)e due to size, ag(\ and in sonu' (>ases the 
parts may be in process of regeneration. Tlieu too tlu' ])roi)odns of llu' 
first pair of legs'in the male differs in th(' specimens, being largio* in some 
than in others and with spines more ])rononii(‘('(l. Theia' ar(‘ so nnuiy 
intermediate .stages that it was not jjossihle to group tlaa sj)('einu“ns into 
varieties as I had at first supposed could In' doiue 

A careful study of a large number of sj^eeiimms from both ponds 
a!>d streams .showed these variations to be (ajuall>' eoinnion in all 
habitats. Thus the differences found in the reactions cannot Ix' 
du(‘ to taxonomically differing races. 

2. GENEU.VL REACTiOX.S 

The experimental work upon which this paper is l);is(*(l w;is 
begun in the summer of 1909 and has been in progia^ss eontimi- 
ously since that time. The early experiTuents upon the geiuu-al 
respomses run parallel with those ()f Banta (’lOj. Asmumaryof 
these general reactions of A. communis will ])e gi^’en. in order t hat 
the conditions of the later experiments nuiy be bett('r appr('eiat<Ml. 
rnless otheinvdse indicated, the ja'sults ar(‘ nL>^ own ami in almost 
(‘Very instance they support the n^sults oldaiued by Bauta. 

1. The main breeding period in these isopods (‘xRutds fiom 
the middle of March to the middle of July bur this may lx* (‘X- 
toiuled in scattered eases until th(‘ beginning of cold w(‘athnr. 
During dhe copulation the males carry th(‘ femah's for as nnui)^ as 
three days. The developmental period is about thr(‘(‘ w(‘('ks and 
nil the average forty offspring are libei'ated eaeli tiiiu'. Tlie jiuin- 
ber of offspring may be much larger, and in onn ij'stai)C{' two hun- 
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(lr(>d young- wore taken from a single brood pouch. More ih. n 
on(‘ brrxxl is brought forth by the same fifnale in one seas^qi 
Some of the animals may live over another winter although many 
of them (lie off at the Close of the breeding season. In nature tla* 
bn'cding habitat is restricted to the most favorable looatio]^. 
Harda (lid iio work with animals during the breeding season. 

2. Tii(‘ food of A. eommuni^^ as determined both by observing 
their fec'diiig habits and by examining their alimentary tract, 
eousists of algae, larger green water plants, protozoa, decaying 
leaves and dead animals. 

3. They are strongly positive to gravity and water pressure 
wh(‘n these are acting alone but if light is introduced the reaction 
is ('o lit rolled by the light. 

4. A. communis isi strongly positi^^e to tactile stimuli. The 
hairs arc si'iisitive to touch so that a response is given, even when 
antennae, antemiules, and uropods are removed. The posit iv(^ 
thigmotaxis is shown by their tendenc}" to collect in corners or 
uiuhu thin mica plates. Again if subjected to the action of light 
th(\y will disregard tlieir thigmotactic optimum and respond to 
light alone. 

0 . Their tcnviperature optimum varies, depending on the tcni-. 
peratiire in which they have been kept. Sudden temperatuic 
changes in eitlua- dinadiou cause them to collect in bunches, more 
extreme changes cause the ^pill bug' reaction and if these condi- 
tious continue death results. 

ii. A. comimmis ii; negative to direct sunlight or to a large 
amount of diffuse light although they are positive to room light 
admitted thraugli a \^ry small opening. Young animals are 
negative^ to all light intensities used. The adults have a light opti- 
mum, this shifts they change their position until they are iii 
optimum conditions. The response to light is affected by their 
previous expasure. Banta (TO, pp. 268-269) found in this con- 
nection that after being in darkness for several hours Asellus is 
positive to all light intensities tried, the duration of the positive 
response depending on th(^ intensity of the light. In my experi- 
• iiients howan^er they were most positive to faint light after forty 
houi’s continuous exposure to a light intensity of SO candle 
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,,,eters. If exposed to the colors of the spectrum tliey collect in 
the red end and tiiimals exposed to red liglu act almost as if 
in complete darkness. Aselli are u(.)ctiirnal in tlieir habits and 
in ponds or aquaria there is a diurnal movenumt, de|)cn(linp:, in 
part at least, on light conditions. 

7. Banta (L c,, pp. 440-107) found that they wen' sensitive 
to mechanical stimulation with bi*istl(‘s: witli locali/A‘d (‘urnuits 
of water; with concussion; and Avith vibrations at tlu' ratt^ of lOd 
per second. The results with localized curremts of water sbowctl 
the most sensitive parts of Asellus to be on tiu* lu'ad and at tlie 
base of the antennae, and these irsponses w(‘r(‘ only gaiia'd with 
the strongest- currents used. 


3. METHODS 

At the beginning of the work on rlieotaxis it was m’ci'ssai-y to 
devise some method that Avould permit rapid l(‘sting of a large 
number of animals and in Avhich the personal equation should be 
reduced to a minimum. Also the method used must b(' applic- 
able to both field and laboratory work. For this reason it was 
thought best. to use a circular current, although Alien ( '10) in an 
unpublished master’s thesis showed (hat the ciu’r(‘nt up in a 
circular pan is not straight but forms a div(n“ging spiral. 

The method used is as follows: The isoix)ds wvn^ placed in an 
enamel-ware pan 25 cm. in diameter and 0 cm. d(M‘]). In ord(U‘ 
that they might have a firm foot hold for crawling thr pmi 
bottom was covered with a lay(H- of bees-wax. Tlie aninni.ls were 
placed in 2*cm. of the same water in which they had b(Tm kept. 
Ill the laboratory the pan Avas then set in a daik box uiahu' an 
illumination^f one candle meter. Guo side of this box was cur- 
tained so that later the tests could be made without introducing 
^)utside light. Usually live isopods Avero used although this num- 
ber AA^as varied Avith the size and couditioiL of the animals. 
animate were undisturbed foi- fifteen minutes iji oi-d('r to allnAv 
them to become accustomed to the neAv conditions and to pei- 
mit a recovery from the shock of liandling. 1 ji cas(‘ they had been 
kept at a tempera! ut(‘ differing from that of the room tlu* pan Avas 
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nJacecI in a bath that would keep the temperature within one 
degree of that to which they were accustomed. In the field 
the trials were made in diffuse light, with all other conditions 
as near those of the laboratory trials as was possible. ^ 

Vfter fifteen minutes a current was produced by stirring with a 
glass rod about 8 mm. in diameter. In order to secure as even a 
cmTont as possible the rod was run live times around the pan at a 
distance of about 4 cm. from the edge and at a uniform rate. The 
attempt was made to from stirring the animals from the 
hottoni. Vsiially they renamed along the edge of the pan and 
thus \v('re in that part of the current that shows the least spiral 
timdoncy. Time was taken with a stop watch for one minute 
after the stirring stopped and the reaction of each animal for the 
gr('ater part of the minute was recorded. Thus if an animal went 
against the current for forty seconds and with it for the remaindci’ 
of the mimit(‘ it was counted positive, while if it went with the 
curnMit half the tinu' and against it the other half it was counted 
indifferent. . At tin' end of the minute reaction, the current was 
set up in tlu' reverse diredion. The reason for reversing the direc- 
tion of the eiirrent, is tliat isopods tend to continue in the same 
direction in which they are started. Thus if by accident nega- 
tive isopods ar(‘ all going against the cuiTeut and at the end of the 
minute’s reaction the current is merely renewed, there would be a 
teiKhmcy to remain positive although in reality their normal reac- 
tioft would be negative or indifferent. 11 on the other hand the 
curnuit is reversed, then if they are strongly positive they will 
reverse their direction thereby showing that they areireacting to 
the direction of the current and not to chance factors. 

Trials were continued in this fashion until ten coit|ecutive tests 
had been made. These results were recorded and the perceniage 
of animals going positively, negatively, and indifferently was cal- 
culated. It is to be regretted that there is as much left to the 
personal equation as there is in this method, yet it furnishes a 
fairly stereotyped set of trials that have given closely comparable 
results. The positive reaction obtained under these conditions, 
consists of two factors, namely; (1) The percentage of positive re- 
spouse.s ]uimerically stated and (2) the positiveneBs with which 
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tlit' response may be given, that is, the speed and definiteness of 
th(' response. Experiments have shown that these two qualities 
oi the response are closely correlated atid when either is stated in 
.qas discussion, the other is always implied. 

The possibilities of this method are shown in table 1. The 
Aselli used in this experiment were cjw’efully seUnded from a 
<tock of stream isopods that had been reared in known conditions 
in the laboratory. They were about five months old and were 
between 9 and 10 mm. in length. All were in the same stage 

TABLE 1 

Tohk showing possihilitks of ihe mcihod used h'iyh/ sin am Aselli, S to n mm. 

long; twentg-fo’^>' Iwar i}ft(n'ith 
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0 

SO 

IS 

r.'fO 

90 
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15 


Average positive response 80.4 p(M' (‘cnt. 

(Ireatest deviation from average 4.0 ])or cont. 

*+ indicatos a positin' reaction. 

— indicates a negative reaction, 
indicates an indifTeJ'ent rea(,‘tioti. 

regarding ]j|oulting, and were entirely noioiial in every wtiy. 
Throughout their life the\" had been kept in still water having an 
average of about 6 cc. of oxygen pei* liter. 

From table 1 it will be seen that with aninials in approximately 
the same physiological state, the experimental error of the method 
used is. almost o per cent. This error is too large for [)ur(‘ly quan- 
titative results, but it will not interfere greatly with the compari- 
sons that are to be made in this work. In no cas(‘ however is any 
importance attached to experimental results that do not show a 
difference of at least 20 per-cent, so Uiat the possil)le erroi’ of d 
per cent cannot affect the conclusions drawji. 
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The results of another check on the constancy of the rhcotactic 
n'sponse to a circular current arc given in figure 1, which show, 
graphs of (wtaity-five successive responses of one male Asellu.. 
The animal used was a stream isopod 11 mm. long, that had been 



Fig. 1 Fwenty-Hvo successive rheotactic reactions of one stream Asellus 

kept in water with the oxygen at air saturation. Tn this case 
the trials were made in a glass dish 10 cm. in diameter. The 
current used was strong enough to sweep the isopod to the center 
each time and the presence of the spiral current is plainly shown 
by the path taken in reaching the circumferencjp of the dish. 
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l!i the figure the starting point is indicated by a largo dot ; the end 
point, by a cross. The arrow on the of the circle indi- 

o:ites the direction of the current. 

Ill all cases, excepting no. 23, the animal responded positivc^ly 
to the current, that is, it gave a 96 per cent positive response. 
Bividently its normal reaction was a positi\< one and tlie one fail- 
un' to go against the current would then momi a cliauce turning 
that was not corrected. That is, in this case there is au experi- 
mental error of 4 per cent, which checks well with that shown in 
table 1. These results also show that the isopods will giv<‘ tlieir 
normal response for at least twenty-five successive trials, so that 
it is entirely safe to take the first ten responses as indicating the 
nornial behavior of the animals tested. 

iDuring these experiments the oxygen content of (lie watei- 
has been determined by the Winkler method. During the first 
part of the work, the method was followed as outlined in the report 
of the committee on standard methods of water anal>^sis totlu' 
laboratory section of the American Health Association (’05, pp. 
74-77). The free carbon dioxide \vas determined by direct titra- 
tion with N/22 sodium carbonate using phenolphthaleiii as an 
indicator. This method is described in the same report (pp. 
72-73). After the appearance of Birgc and Juday's work (/I I, 
pp. 13 -24), their methods were followed wherever the technicpie 
appeared better. Birge and Juday compared this method of 
determining the oxygen content of the water with that of boiling 
and found (1. c., pp. 11-12) that the amount of variation in results 
from the two«iiethods \j'as not more than was the case in dujjli- 
oate deteririiaatioris by the same method. V. E. Shelford and the 
writer verified these results and the methods used have proved 
eminently satisfactory for rapid biological work. 
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rr. lUfKO^lACTIC RESPO-W: under natural condjtjon.s 

^ STREAM ASELLI 
a. N onJial adults 

TiibU' 1 and 1 show responses of stream isopods at their 
highest rate of posit if'eness. Usually under the conditions iis('(i 
the ixu’ cent of positive rcspouse was somewhat lower. A \\<\ 
of the results of these tests is given in table 2. It will be seen that 
th{* residts of different trials vary somewhat^ the greatest varia- 

TABLE 2 

r'Jicotacdc reHfxmsc of a dull stream Aselli 
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tioii being 18 per cent from the mean. These variations may be 
({lie to length of time since moulting or agi*. The grJIip giving 
the highest positive response Jiud been carefully selected to ropn*- 
sent animals in the best possible condition. In all the other 
cases the animals were simply picked at random from the general 
i^rock. The variation 'in oxygen eoiiteiittof tlie water within the 
limits^ven in table 2 does not appear to have any marked signb 
Hcance although in genera? the lowest ]iosi(ive n^spouses are 
found with the lowest oxygen content. A]iparently thei’c is 
sufficient oxygen here for the usual activities to be carriiMi on a,t 
the usual rate and not enough to stimulate tluau greatly. The* 
length of time the animals have been in the laboratory does not 
affect their response providing they are kept in conditions riseni- 
‘bling as nearly as possible, those in their usual habitat. 

, The response of these stream isopods to the ciirnnit is vigorous 
and usually definite, that is, they mv either definitely ])ositive 
or negative. When the current is reversed tliey tend torc'verse 
within the first ten seconds after the new current is set up, and 
often they are all reversed before the stirring is stoppl'd. Tlicy 
also move vigorously, sometimes completing two ciirii inferences 
of the pan in the minute reaction time allowed. This would im'an 
a rate of about 80 cm. per minute. They sometimes pivot on 
their posterior end, turning their head in a comph'te circle before 
starting a definite reaction and this testing reaction is usually 
followed by a positive response. 

In all these cases the amount of free carbon dioxide in tlu' water 
was very* low. That is, it never exceeded 8 ce. ]wy liter of water 
and usually ran much lower, the average being about 2 cc. per 
liter. Thus the variations of th(^ free carbon dioxidi' ari' too 
small to be of any significance, and the fact that it was jiresimt in 
such small amounts will have to be considered in Si erminiiig the 
cause of the high percentage of positive reactions. 

h. Breeding season 

The breeding season of these isopods begins before the ice is 
out of the 'water in the spring. It reaches its culmination by the 
last of ‘April, and gradually diminishes. Oi'casionally breeding 
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ocrtirs throughout the summer but is very rare during August and 
September. As the weather becomes colder, a new period sets in, 
but this is of much shorter duration than the spring periods. The 
shorten ing cannot be wholly due to the increasing coldness because 
animals brought into laboratory and kept under iiornial con- 
ditions do not long coniinue breeding. In these animals in the 
laboratory, however, a iiew period of breeding begins ab5ut the 
lirst of December. Starting with *a few iirdividuals it slowly 
increases in importance until by the middle of January, it is the 
dominant activity of the animals.' Curiously enough this is 
much more pronounced in animals kept at temperatures about 
5°CAhau in those at 20°. In these laboratory isopods the season, 
stops about the time it is reaching its height in the field. 

One sign of the approach of the breeding season is the increased 
tendency to collect in bunches. Bunching is apt to occur at any 
time (luring the year if conditions become unfavorable, as when 
there is a sudden drop in temperature, but the bunching tendency 
of tire breeding season is even stronger. Often these close irregu- 
lar groupings occur, containing six or eighr individuals. This 
is especially apt to happen when the animals are stirred in a 
current so that they are thrown against each ether. The copula- 
tion occurs much as Holmes has described for amphipods (Holmes 
^03, p. 288) . The females may become quite helpless as the brood 
pouch develops and unless they are clinging to some support, they 
are often brought to the surface and float around ventral side up, 
entirely unable to right themselves or to regain the bottom unless 
they chance upon some solid object. 

The effect of the breeding season on the rheo actic response of 
stream Aselli is shown in table 3. The first part of the table gives 
the cycle of reactions due to the breeding seasor. as shown in the 
field experiments from April fill October. The second part 
traces the progi'ess of these influences upon laboratory stock dur- 
ing the winter months. One of the most noticeable changes in 
the rhootactic response is the marked decrease in the percentage 
of positive responses. Another almost as striking is the extreme 
variabilit}^ in animals selected at random from the breeding stock. 
This variability is not so apparent when the sanio animals are 
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tested from time to time. Thus the last trials recorded in p'^rt 2 
of th(^ table wore all made on the same group of animals, with thf* 
(exception of two cases the oxygen contejnt of the water was high 
and in all cas(‘s the amount of carbon dioxide present as free car- 
bon dioxide was very small, so that these changes in reaction are 
not due to a modified gas content of the water. 

It will be seen in later experiments, that the degree ol positive- 
ness depends upon the metabolic rate of the animals. That 
is, in animals having a high rate of metabolism there is a high 
positive response. From this point of view the decrease in the 
positive responses would be accounted for by assuming that the 
animals are in a state of louvered metabolism during the breeding 
season. This view is supported by those plants and lower animals 
that reproduce asexually during conditions favorable for growth 
and re.spond to poorer external conditions by sexual reproduction. 

The cause of the variation in response is not impossible of solu- 
tion although at present it cannot be treated entirely from the 
experimental side. From the results given it is evident that 
during the breeding season not all isopods are in the same physio- 
logical condition at any one time. The results from any one day 
as list('d in tlie table show wide variations, yet these were taken 
from almost identical external conditions, so the variable quantity 
ill this case must be an internal one. This view is further sup- 
ported by comparing those results where the animals were in the 
copulating position. This term is used in the table*to.show when 
the females \vere being carried by the males. There are three 
eases given when all the individuals tried w'ere in this position. Of 
these one gave a positive response of 11 per cent, another of 70 
per cent, and the third gave no positive response at all. The 
first were taken from a very low oxygen content and as will be 
seen later this tends to decrease the positive response. Yet 
wit|| this added complication they gave a much higher response 
than did two pairs taken the same day from another place in the 
same stream. It ma}- be that in the case where no positive re- 
sponse was given the animals were near the actual copulation time, 
anti the animals giving the 70 per cent response may have been 
far from this period. 
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rheotaxis in isopod.^ 

The large brood pouch on the ventral side of the females nlTers 
a. serious mechanical obstacle to making progress against a strong 
current, but since the same reaction tender\cies occur in the males 
this mechanical hindrance cannot be the only faott)r in tlie \v~ 
sponse. The condition of the germinal glands during the bnanling 
seasbu and the exact connection .'xisting between their activity 
and the rheotactic response will be presented in detail in another 
paper. 

In comparison with the normal behavior, llie large increase in 
indifference to the current is remarkable, since this is just tlu' con- 
dition that tends^to prevail in pond animals. The action in the 
current is also decidedly different. The animals ar(' mucli more 
easily swept from their footing; they do not reverse so rapidly as 
the current changes, often failing to reverse at all and the speed 
of reaction is greatly lowered. In some case's there is no response 
at all; the animals are then in the same state as that caused by the 
strongest depressing agents. 

This breeding behavior brings up sonu' inteia'sting points in 
the ecology of the isopods. Although they are taken in streams 
they are rarely found in rapid parts of permanent oiu's, being 
limited for the most part to the pools and protc'cted places. Out - _ 
side of the breeding season they are fitted h}' tluar positive reac- 
tion to the current and their strong clinging ability to maintain 
themselves in much stronger currents than thosi' in which the}^ 
are found. * T^ho reason for their absence in these pla(*es must b(' 
due to the influence of the breeding activities upon their behavior. 
This is especially signihcaiit since tlieir period of least ability to 
maintain themselves corresponds to the tiiiu^ of tlu' strong('st cur- 
rent in the stream. Hence their breeding behavior limits them to 
those streams where they can find ample lodging place's during 
this time of weakened responses. 

, c. Juvenile mores 

When the isopods are first liberated they are about 2 nim. in 
length and usually give no response to tin' current but cling 
passively to 'the bottom. Consistent rheotactic responses were 
made by the time the animals were about 3 mm. long ; that is when 
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they were about a month old. As table 4 shows, the general 
positive j’osponse of the young isopods is much lower thanthai 
of tlu' adults hut that' the positiveness increases with age. 

Again there is more variation in the positive response than seen is 
consistent, for, as the table shows, the isopods give at times a 
low r(‘sr)ons(' n^gardless of size ajid of the external conditions hero 
‘controll(‘d. 

It will be noted tliat the increase m positive reaction was not 
due primarily to tln^ oxygen content of the water because this wa^ 
high wlnu) the positiveness was low. The carbon dioxide was alsf) 
low as it lias been in all cases discussed. Evidently the growth i]i 
size was the most important factor in the increased positii'(‘ 
response. 

TABLK 4 

!{lt(vlaxis in jui'anilc shram Aselii 


SI/K 

(0 

cc.ii<rlit<r 

fH l CCf(t -f 
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4.0 
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40 
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50 

12 
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45 

52 

3 
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21 

5.0 
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25 
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5.0 
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0 

SO 
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40 

10 

60 

22 
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55 

30 

9 

SO 
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84 

0 

00 
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10 

60 
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14 
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8 
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The importance of this factor is oini)lpisizc(l by the two trials 
where with a low oxygen content the animals tested gave a high 
positive response. This is the one case in the ])rogress of this 
work where the laboratory tests have failed to rim |)arallel witli 
'the field results, for as will be seen later, k(‘e])ing young stream 
Aselli in water having a low oxygen content Inpt ilie animals 
from developing a high positive response, in all tlu‘ eases tried. 
These two high results wefe obtained in tlu‘ field on July 4. 11)1 1. 
The stream at this time was reduced to a series of small pools 
with no running water, and in the case of tlu^ higlu'r i-es])ous(\ tlu^ 
animals were in a very high tem])erature, 21)^(\, whivh may to 
some extent accbimt for the difference lietwiam tlie two trials. 
Reference to this will bepnade in another part of this p;ip(*r iii 
connection with experimental data which may tend to (*h‘arup 
the case. 


d. Response to straight current 

Banta (TO, pp. 467-468) described a trough which lie devised for 
testing the response of isopods to a. stra,ighl cui'n'iLt . Ills a])para- 
tus consisted of a simple straight trough in which tlie current was 
e<iualized by passing througli a nunilxu' of wii“e scnams befori' it 
reached the experimental part of the trough. Tie introdiuual the 
isopods to be tested into still water and then turned on tiie cur- 
rent. After some crawling back and forth tlu' animals collected 
at the upper end and stayed there from fifteen minutes to two 
days, afterward reversing their reaction. 

In order to test the efficiency of the ])aM response as an index of 
the rheotactic activity of the isopods, Banta's experinumts were 
repeated. A different type of trough was devised and is shown in 
figure 2. This trough has a rounded well 10 cm. in diameter. 



Fig. 2 Straight current apparatus 
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Tho water is introduced through a circular tube 3 cm. in diameter, 
which has holes to permit the exit of the water only on the side 
away from the trough. The trough is 3 cm. across, 2 cm. deep, 
and 50 cm. long. .\t its lower end it opens into another well 
exactly like the one at the upper end. This in turn opens into a 
drainway directly below the end of the main trough, the drain 
being 1 cm. at)ove the general floor of the apparatus. The whole 
trough is made of wood and is paint efl a dead black with water- 
proof paint. Thanks to the careful workmanship of Mr, Floyd of 
the Ryerson Physical Laboratory, the trough is very accurate in 
its dimensions. The animals were confined by wire gauze and 
their movements measured by means of a centimeter scale at the 
top of one side of the trough. When. in use the apparatus was 
kept almost level. 

The animals to be experimented upon, were placed in the cur- 
rent at the center of the trough. They usually started off in 
the direction in which they were first headed regardless of the 
response which they would ultimately make. In some cases posi- 
tive animals would coixtiuue with the current to the lower end and 
then turn and make their way back along the edge of the trough, 
toward the upper end. Usually they did not collect in contact 
with the upper screen as Rant a found to be the case in his experi- 
ments. Rather the response brought a majority to the upper 
part of the trough where they settled in the angles between the 
bottom and th(' sides, with some of course clinging to the screen. 
In taking readings the exact position of each individual was 
recorded and an average taken of the position of the whole group. 
From five to eight was found to be the most convenient number 
to be tested at one time. A summary of the results obtained in 
this manner, with normal stream Aselli, is found in table 5. 

Often the isopods would move first up stream and then down 
‘stream, without giving a definite reversal. In these cases the 
reversal time was taken to be the time after which there w%s no 
decided movement against the current. When the experiments 
ran over night no readings were taken after midnight. Except 
in the third and last experiments recorded in the table there was 
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TABLE 5 

Stream ^Ar^ell) in straighi ('firrcut 


Oi 

ptT liter 

TIME BEf’OHE 

RE VERS A 1. 

RESPOXSE 

,^peT cent + 

i.e.v<;th of 

EXPFRIMKN'T 

Cl'FntKNT 

TKMPKitATVHK 

Tmunli .\<]ii:iritun 

9,24 

after 2:0t 

84 

3 :06 

lt')S0 

6 

7 

9,21 

2:47 

78 

3:.‘j6 

16S0 

17 

- 

9 52 

after 5.‘W 

54* • 

iri:fi:> 

1000 

5 

S 


5:S0 

70 

20 :2S 

1020 


rt 

9.03 

7:40 

74 

20:37 

10.50 

S 

10 

5. 13 

23:48 

64 

50 :4S 

10.50 

7 

10 

6.33 

11:45 

58 

35:15 

1020 

12 

1.5 


5:17 

32* 

44:47 

10.30 

M 

11 

4*33 

4:35 

60 

5:17 

1100 

16 

16 


5:40 

77 

24:07 

1050 

16 

16 

7.00 

0:13 

78 

10:35 

1250 

1.8 

IS 

6-85 

5:20 

78 

7 :45 

1 100 

17 

16 

6.77 

after 7:00 

86 

26 :20 

105(1 

13 

1.5 


* Tan response taken after trough reversal; all otliers \v(M'(' taken l)ef»)re. 'I’he 
first column gives the oxygen content of the water in c(‘. per liter. 'Plie secotnl 
gives the time in hours and minutes before there was a decided reversal in the, 
response to the current. The third column shows the perceiitagi' of positive 
responses of the same animals to the circular pan current. Tin* fourth column 
shows the duration of the experiment in hours and minutes. The strengtii of the 
current is given in cubic centimeters of flow per minute, the (rough Ixung ixlaced 
as nearly level us possible. In the three cases when' no exa( t amount of o\yg('n 
is shown, the amount present was well above air saturation at the given tempera- 
ture. 


ao appreciable change of position during this period when no 
readings were taken. 

A study of tabic 5 wdll sho\v that there is a rolativt^iy long hi])s(‘ 
of time before reversal. This length of time is correlattnl with the 
high per cent of positive responses. This correlation is by no 
means close, nor does it follow the fluctuations of the pan response 
but Jhe significance of the relation between the tw'o is wadi showni 
by comjiaring the results obtained here with lho.se of isopods 
kept in water having a low oxygen content. 
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2. POND ASELLI 
a. Adults 

As has already been mentioned, there are two species of isopi tjs 
found ill the ponds near Chicago. Alancasellus danielsii (Rich, 
ardson, '05, pp. 417-419) has been previously reported from I .a- 
porte, Indiana, only. It is a much flattened form and is generally 
found in the grasses in the shallo^^er water of the ponds. Its 
reactions so far as tested agree with those of A. communis and 
unless otherwise designated all the discussion of pond behavior 
will lip liased on the latter species. 

The pond Aselli are decidedly smaller than those from the 
stream. In the isopods that have been measured the difference 
averaged about 3 mm., that is they were about 75 to 80 ])or 
ecmt of the length of the stream forms. However as has already 
been stated the [loiul iso pods contain all the variations of the pro- 
podus of the first jiair of legs that are to be found in the stream 
iVirms. Tlie pond isopods react to light, heat, touch, and gravity 
in much the same way as the stream animals, although the speed 
of tlio reaction and the sensitiveness to the stimuli are probably 
different. The rheo tactic response of the isopods from the two 
habitats is markedly different. In place of the positive reaction 
to the current dominating as in the stream mores, these isopods 
give a high proportion of indefinite responses. Their orientation 
is less definite and they do not appear to be so capable of ho'diiig 
an orientation once it is attained. Their response is less vigorous 
than tluit of the stream isopods and they are much more easily 
swe])t off their feet by the current. 

A ty[)ical pond isopod response to current is shown in figure 3. 
This trial and recoj'd was made exactly like that for the stream 
isopod shown in figure 1. The result of twenty trials is given 
in which the animal went positive 25 per cent, negative 30 per 
cent, and indifferent to the current 45 per cent of the totafl number 
of trials. 

The same response is shown in table 6. It wall be noted that 
the table includes the response made during the breeding season 
and that this response is not markedly different from that of the 
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re?t of the year although it is somewhat loss positive. Tliat is, 
the depression found in the stream Asolli duihig the bivoding 
.vason is not so marked in the pond iso])ods. 

The external condition with which tlie low positive res|)nnse 
scems to be correlated is the low oxygon contont of the' water. 



12 3 4 



6 7 8 



13 14 15 16 



Fig, .3 Twenty successive rhootacti(‘ reactions of one pond Asellns 

Thus the highest oxygen content of the jiond is a, little below the 
lowest found in the stream during a period of normal response, 
while the normal amount of oxygen found in the pond water is 
much below that of the stream. The amount of free carbon diox- 
ide present in the pond water is higher tlian in the stream, but 
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TARLt fi 

Rhcotnct ic ref^poyi^ie of adnlt pond AaelU 
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15 
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35 
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60 


C) 
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1 25 

32 
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40 

50 


18 

lab. 10-19-11 

1.53 

38 

2X 

34 

50 


18 

lab. 11-28-11 

2 W 

23 

30 

45 
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different souixes of evidence tend to show that this amount of 
carboji dioxide is not sufficient to account for the difference in 
behavior. This iirobleiu will be considered later under the 
exporinients upon the effect of carbon dioxide. 

b. Juvenile pond isopods 

The young isopods were tested for their response to current 
when they were about forty-five days old. At that time they 
were 3 mm. in length. As was the case in the stream animals 
they ga\’c a low ])ositive response, behaving in almost every 
respect like stream isopods of the same size. But as will be seen 
in table 7 the later resjionse did not show the increase in positive- 
ness that was found in the developing stream forms. The other 
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f-K'ts shown by the table support the experiments already dis- 
cassed. The two responses marked ‘]^I.d.’ in the taWe show tlie 
reactions of juvenile MaUeasellus danielsii. These trials were 
made in spring and summer and the two instances of lower tem- 
perature, are due to the animals being kept in an i(‘e l)o\. How- 
ever, they were left in each case long enough to become thoroiigldy 
acclimated and so showed no effect of the contiiuuHl low tem])era- 
;ure. . 

c. Response lo slraigJd current 

Only five trials have been made with ]joiid isoj)ods from wa.ter 
with a low oxygen content but as was the case in tlie stream ani- 
mals these support the pan reactions, in that they show a short 
period of positive response to the straight currmit (am-elated 
with the low response in the pan reactions. A summary of the 
reactions is given in table 8. 

The conditions of the trials were exactly like those already 
described for this method. Owing to .imperfect ap]iaratusit 
was not possible to keep the temperature exactly the saiu(‘ in 
these trials and the variation in the second and fomlh tests is 
enough to cause some difference in the response. In both cases 
this would tend to shorten the positive reaction if it acted in a 


TABIU: 7 

Rheotaxia in j}U'€)i(le pond A-^cUi 
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a: ACE IN l.AYH 
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3.24 

\ H 

00 : 

10 

50 

25 

122 

4 

2.23 
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3.24 
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6 
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42 

20 
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20 
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4 

3.13 

32 

56 

12 

50 

22 


7 

2.33 

1 20 

0 

74 

SO 

8 

M.d. 


^ -Maneasdlus danielsii. 
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TABLE 8 

{^ond A.V€//i in atraigid current 

TIMh: LEN'GTH Oy TEMPERATURE 


Oi 

rr. pfr liti’r 

UK EG HE 
ItK VERS U,* 

PA V 

HESI'OXJiE 

KXPKftl- 

ME NT 

Trough 

.\quarlum 

PREVIOUS CONDITlOSi 

2 IT 

+ 

+ 

16 

22 :92 

4 

3 

in lab. 12 hours 

2,17 

0:24 

5 

1 :(X) 

4 

10 

in lab. 40 hours 

2.20 

2:(}H 

18 

19.03 

4 

3 

in lab. 3 hours 
large males 

.Vdl 

1 :i)!i 

36 

2.5o 

5 

15 

in lab. 18 hours 

.7 sr, 

0:4/ 

t 

23 :30 

11 

11 

in tap water 9 dav 
b.p. 


* Time beforu rcv(rrsal and the length of experiment are given in hours and 
minutes; the ])an response is in terms of the per cent of positive reactions. The 
current was kept at 1040 cc. per minute. 

t With brood pouches unable to stay on bottom, 
t Almost no positive response at all. 

direct way. But if there were a shock effect the result would be a 
lengthened response, so that perhaps the two might offset each 
other to some extent.. Then, too, the experiments were in running 
water with a large amount of oxygen, because at this time there 
was no means of controlling the amount of oxygen present in 
water flowing at the rate used here. 

The animals used in the first, second, and last trials were kept 
in running tap water for the length of time they had been in the 
laboratory. In the first two cases the animals were not exposed 
long enough to cause any effect upon their reaction, so the oxygen 
content of their original habitat is given. In the last trial the 
high oxygen evidently had not made any change in the response 
of the isopods, but this may have been due to the fact that these 
were females with large brood pouches that made it impossible 
for them to keep their footing in the strong current. 

3. SUMMARY OP RHEOTACTIC RESPONSE GIVEN UNDER NATURAL 
ENVIRONMENTAL CONDITIONS 

In discussing the normal rheotactic responses of A. communis 
it has been shown that the same species is found in both ponds 
and streams, but that it is limited in the latter to those having 
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quiot pools or other places of loclgenieiit which keep, the isopods 
from being swept down stream in the breeding season. The nor- 
ms! rheotactic reactions of animals from the two types of Imbilats 
are quite different. Animals from streams give ix high percent ag(^ 
of positive responses; they are much more vigorous aiui definite 
in their reactions and show a long period of positive reaction 
ill a straight current. The pond isopods on the otlior hand gi\e 
a weak positive response and are mneh inclined to lie indifferent 
to the current. They are less active than the stream mores, and 
in tlie straight current, they give only a short posit i^-e response. 

The most obvious difference in the environment in the two 
hahitats is the difference in the oxygen content of the water. In 
the streams this is normally between 5 and 10 cc. per liter depend- 
ing on temperature, rate of flow, and the character of the stream 
bed. In the ponds studied, on the other hand, the amount of 
oxygen present is low, seldom going above 3 cc. per liter at any 
period of the year. There is also a difference in the amount of 
free carbon dioxide present in the two habitats. This runs about 
2 cc. per liter in the streams while in the ponds it has been taken 
as high as 40 cc. per liter, the usual amount however is about 
10 to J5 cc. per liter. From this work alone it would seem prob- 
able, that the difference in positive response to the current in 
tile two habitats may be due to the difference in the oxygen or 
carbon dioxide content of the water. 

The main breeding season occurs in the spring of the year in 
both habitats. In the pond isopods, this does not affect the 
normal rheotactic response so markedly as with tlie Asolli from 
the stream. In these it causes a distinct lessening of the positive 
reactions so that for the time being, they behave as tliough tliey 
were pond isopods. The young from both habitats give a low 
positive response, but in the streams the reaction becomes more 
positive as the animals increase in size, while in the pond isopods it 
remains the same throughout life. 
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III,. UHEOTACTIC RESPONSE UNDER EXPERIMENTAL CONDITK 
1. STREAM ASELLI 
fl. With decreased oxygen 

The methods of handling the problem of confining the isopods 
in water having a low oxygen content, have varied more in the 
progress of tliis work than those in any other line. The lir<t 
method tried was to keep the animals in an aquarium having no 
inflow of water and containing a large amount of dead leaves and 
other organic matter, which would absorb oxygen. This worked 
after a scum had ap[)eared to hinder the absorption of oxygen 
from the air. Obviously, this method at best was crude, and 
after trying boiling and cooling water in ordinary vessels, which 
was of course very laborious, a machine for deaerating water was 
devised. This apparatus was devised and built by V. E. Shelford’ 
and the writer and will be described in detail^klsewhere. In 
brief, it consists of a tower down which the 'water runs through 
successive sieves and is thus reduced to air saturation at the 
temperature used. Then the water is heated in aluminum paiv 
over powerful gas flames until it is about to the boiling [loint. 
It is then cooled by passing through coils of block tin pipl sur- 
rounded by tap water. In this way 1200 cc. of water can be 
treated each minute and the oxygen content reduced from S cc. 
per liter of water to less than half a cubic centimeter. By ar- 
ranging the flo\v in the cooler any desired temperature can be 
obtained. A gas introducer permits the addition pf oxygen or 
carbon dioxide to tlie deaerated water. 

Since the completion of this device the best results with low 
oxygen ha\'e been obtained and most of the data to be given on 
this subject are from work done with water prepared in^this way. 
The most impoi'tant chemical changes due to the boiling, as shown 
in analyses by Alariner and Hoskins of Chicago, are seen in 
table 9.“ 

In this work the animals to be used were first tested and then 
placed in glass jars with ground glass edges. A glass plate was 


- 'I'he complete table will be published later. 
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used as a cover and was sealed down with vaseliiau (‘ai-(' l)cin^ 
taken to avc^ enclosing any air bubbles. In (‘xperiments tiuit 
were run some time a few leaves were ])Ia(*ed in tln^ jn.r Foi* food. 
The water was changed often enougli to provide' an e\Tn sii])j)ly 
of oxygen. 

(/) Nor?nal adults.. Table 10 shows the results of a number of 
triads in which, with the exception of no. 9, the oxygen (‘outent of 
the water was low" at the time of the tihil and liad bcH'ii low foi* at 
least ten days. The purpose of the table is sim|)ly to show' the 
typical response, of stream isopods that have been kept in low oxy- 
gen. It w'ill be noted at once that the reaction is decidedly differ- 
ent from that of the normal stream Aselli, in tliat the positive 
percentage is low'cred and the amount of indifference to the 
current is correspondingly increased. It is significant that the 
lowest positive responses are made by the animals in tin' low('st 
ox.ygeiij and that above 3 cc. the response becoiuf's more \'ariable 
although in the main it increases as the oxygen su|)f)ly iiicr('ases. 
The reactions that are grouped under no. 9 in table 10, wa're giv('u 
by isopods that had been in running water up until twc'lve <lays 
before this trial w"as made. At that time they were giving a 70 
per cent positive response in an oxygen content of 0.92 cc. per 
liter. The water w"as turned off and three different trials made, 
with the results recorded. From the variatioji, this seems to be 
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TABLE 10 


The, ejjed of lov; oxygen upon ihe Theotadic response o} adult stream Aselli 


Oj 




NUMBER OF 



RESPONSE 


TRIALS f 

TEMPERATl 

1 

tf, per liter 

per cent 

per cent — 

i per cent 


i 

(1) 0.2S 

23 

35 

42 

•100 

i 18 

(2) 0.37 

\ 20 

6 

74 

50 

i :8 

(:i) 1.00 

SO 

20 1 

. 50 

40 

7 

(4) 1.90 

20 

*44 

36 

; 50 

17 

(.5) S.37 

02 

! G 

32 

50 

19 

(6) 3.50 

46 j 

44 

10 

50 

17 

(7) 3.58 i 

38 

35 

I 27 

100 

15 

(8) 4.10 \ 

62 ' 

IS 

'20 

50 

•19 

\ 

[56 j 

40 

4 

50 

9 

(0) 4.44 

^60 1 

30 

10 

1 50 



l74 1 

26 

0 

50 


(10) 4.^0 ' 

47 

28 

25 

60 

19 

(11) 4-83 

40 ' 

50 

10 

1 30 

22 

(12) 4-83 

53 

40 _ 

7 

I 30 

A 

22 

3.00 I 

45 

30 1 

25 

76^ 



the breaking point in the reaction to current for these animals at 
this time. However if they had been accustomed to a lower^ 
amount of oxygen, they might have reacted positively when ^ept 
in this amount of oxygen. The effect of increasing the amount * 
of ox3^gen is shown by the fact that after one day in 7i51 cc. oxygen 
per liter, these isopods gave an 82 per cent positive reaction. 

Something of the details of the effect of a lowered amount of 
•oxygen is shown in table 11. The fir^t set of results is takerf 
from the early ^vork. The amounts of oxygen dM nOt rise, dur- 
ing the time shown in the table, above 4.5 cc. per liter nor fall 
below 2 cc. The effect of the lack of oxygen in this case became 
evident after the animals had been in quiet water for twenty- 
four days. An entry in the laboratory notes for that day reads as 
follows: ‘^The reaction to current is slower, less definite, and is 
maintained for a shorter period than with the freshly collected 
isopods.” Unfortunately the exact oxygen content at that time • 
js unknown. The most important thing shown by this section of 
the table is that the Aselli tend to become acclimated to the low 
oxygen and at length react with a normal amount of positiveness 
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With an amount oi oxygen that at first caused a decided lesseii- 
ing of the positive reaction.^ 

The second part of the table shows an interesting case of tiy- 
correlation between the amount of oxygen present and the posi- 
tive response of the isopods. The first two field trials show -i 
medium amount of oxygen present and a correspondingly niedima 
positive response. The thi^d trial shows the effects of nine days 
in the laboratory in which time the oxygen had been almost ail 
nsed and the positive response is halved as a result. Then with 
an increase in the amount of oxygen, the positive reaction 
increased. In both of these cases the control was furnished hy 
keeping the same animals in running water, and as was seen in 
table 2, those isopods stayed positive throughout as far as oxygen 
was concerned. ^ 

In the next two parts of the table, however, the control was 
kept under exactly the same tonditious as the experiment, except 
as regards the oxygen content. Part 3 shows both the acclimati- 
zation effect and the dependence of the positive reaction upon, the 
amount of oxygen present. Part 4 gives some idea as to the rate 
with which the effect of a lowered amount of oxygen may be 
reflected in the rheotactic response. , 

The amount of carbon dioxide free in the water was never high 
in these experiments. The highest record is that of 4.5 cc. per 
liter which occurred in the experiment given in part 1 of the table. 
In the last experiment given, the carbon dioxide did not rise 
above 1 cc. per liter in the experiment while in the control itfras 
between 1 and 3 cc. to the liter. Neither 'can the boiled water 
have been a factor m these changes, for the isopods used in the 
last case, both control and experiment, had been kept for a month 
in the l)oi]ed water that had been saturated with oxygen by ab- 
sorption from the air. For that matter, the reactions given in 
table 1 were given by isopods from this reaerated boiled water, 
and it will be remembered that their reactions averaged 89.4 
per cent positive. 

'■* llnldaiK* and Smitli ('97, p. 2o0) report a similar aerdimatization occurrinji in 
mice when subjected to a decreased oxygcji tension. 
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From these results it will be seen that a de(*]-oaso in (he oxyj^en 
-apply decreases the positive response of the isopods t() eurrent 
and that this decrease may be only temporary, oi- in other words 
tiiat the Aselli may become acclimated to the new (‘onditions and 
give a high positive response in an oxygen content that at first 
^•aused a marked decrease in their normal reactions. However, 
at no time in,the progress of these exi)eriments. imve the isopods 
diowed any sign of ^n acclimatization wlien ki^pt in an oxygen 
content of about 1 cc. per liter. Thus the stream isopod if 
kept continuously in the average amount of oxygen to l)e found 
in the ponds would in time come to rcsjiond positively to cnnvnts 
under the new conditions, yet, if they wore subjected to tlu' r^x- 
tremes of low oxygen that are sometimes maintaiiHMl for fairly 
long periods of toe, there is no evidence that adults would ever 
l)CCome acclimated. 

These results are of importance wlien consi(l(M*e(l in tlu' light 
of the conditions which the stream isopods may luu'c to meet in 
nature. As has already been said, they live in pools of snndl 
streams. In summer these streams sometinu's cease to i-iin and 
in this condition, the pools often take on the (‘hai'aid eristic's of a 
pond for the time that the condition lasts. The cych' of rcxictions 
under these conditions is easily seen. The isopods used to a siipcn- 
satiirated oxygen supply would become less positive^ to a c-liaiiee 
currenbas the pool water became low in oxygen. Then unless the 
deoxygenation went too far, there would bo an ac'climatization 
so ^lat on the average when th(' stream began flowing again the*, 
isopods would be positive to the current and would thus be b(‘t1c‘r 
equipped to escape being carried out of the sti’caim. Of ('ourse 
even when they are negative to the eurrent, many would b(‘ k(‘])t 
in the stream by being stranded against piles of drift. 

(2) Breeding seasoii. But one controlled exiiei'inumt was run 
on the effect of lowered oxygen supply on tin* l)reeding scaison 
response, but this appears significant in that the experimental 
results confirmed the prediction that was nnnh' eom^ei’iiing them. 
They also ran parallel with the effect of an increas(‘ in tin* annmnt 
of ‘carbon dioxide as will be shown in a later section. The uni- 
luals used in this experiment were large males about lo mm. in 
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leiigtht All were as near the same size and general conditif... 
as could be selected from their external appearance. The stoc ■: 
had first shown signs of the approach of the breeding season in 
the latter j)art of December and these trials were begun January 
31 ,1912, so that at that time they were in the midst of the bree(’- 
iiig season. 

Th(‘ isopods were taken from a temperature of C. and wili; 
the exception of the first trial in the coritrol they were keju 
within two degrees of this temperature throughout the experi- 
ment. The heightened response obtained from the control in 
theii' first trial may Ixi due to the fact that the temperature was 
4° above that to Avhich they were accustomed, or it may mean that 
the isopods used were not so completely under the influence of 
the breeding response as they becadic later. It mil be noted that 
during the time the experimental animals were giving a changed 
reaction, the control gave almost no ^^ariation in response. ♦ 

In the experiment the variation in the first two days is not 
st]“ong enough to make one sure of the cause without more data, 
but at the end of the third day there is a strong increase in the 
positive reaction which is entirely different from anything that 
we have yet seen in the response to a sudden lowering of the oxy- 
gen content of the water. This increase in positiveness was 
maintained three days in which time it had increased until the 
response was almost that of the normal adult dsopod under high 
oxygen coiiditions. Then the response fell off and at the end of 
the exjxu-fmont it was decreased almost to the zero mark, 'l^is 
decrease started at the time of the highest oxygen supply so tnat 
it was not due to tlie \ ariation of the amount of oxygen present. 

The following explanation of these phenomena is suggested. 
^^'hen the breeding activity set in, energy normally spent in 
general body nietaliolism is taken by the reproductive organs. 
As these increase in activity, the amount of energy left for bodily 
activities decreases and hence the positiveness of the animals to 
curi’ents of wliter is diminished. But the presence of an external 
niediuui tending to decrease the rale of metabolism decreases that 
of tfie reproductive system and so gives an increased amount t)f 
energy for liodily activities. This results in an increase of the 
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positiw response. Later if the external depressing factors a, io 
eonti lined in their action, the rate of metabolism is cut below that 
which su[)plied energy for tlie body alone and this results in a 
decrease in positiveness below that usual in the breeding season. 
Besides lieing supported by the rheo tactic response this hypotlu - 
sis is supported by the fact that the isopods tend to losethi'ir 
general breeding reactions if kept in a decreased oxygen supply. 
Tlu^ lu'jiothesis is capable of being experimentally investigated, 
and this is one of the points upon which the writer expects to 
do further woi‘k. 

(3) Juvenile stream Aselli. It has been shown in dealing 
with the rheotactic response of juvenile stream isopods in the 
field (table 4) that in at least one case the Aselli are known to 
have given an increase to a strong degree of positiveness in the 
presence of a small amoi^it of oxygen. All the tests that ha\ c 
been carried on in the laboratory have failed to give a correspoinh 
ing result. These experiments are of two kinds. First, the less 
carefully controlled type of experiments that characterized the 
early part of the work. In these experiments the actual amount 
of oxygen present in the water was not under control although it 
was always below air saturation at that temperature. Results 
froni this type of experiment are shown in the first part of table 
13. The other experiments were more carefully controlled and 
these results am shown in the second jiart of the same tabie. 

In tlie first part of table 13 the results given for the respoiisi* 
of the isopods under high oxygen conditions have been sumni.-i- 
, rized from table 4. That is, the average response shown in that 
talile has lieen taken as giving the reaction of the isopods of that 
size imder normal conditions. The oxygen content given is also 
the averaged amount shown for the same trials in the same table. 
It will be seen that until the isopods are about 5 mm. long, they 
tend to give the same response regardless of the amount of oxy- 
gen supplied, but that after that size is reached, the animals mth 
the higher o^^^gen supi:)ly increase much more rapidly than do the 
ones with a sub-normal supply. The figures in this case for the 
animals in the low oxygen content represent the entire life his- 
tory of tlie isopods up to the time of their first breeding season. 
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That is, in the isopods in low oxygen content all their liv( - 
there was less tendency to regulate their response to that norm. | 
ff)r stream isopods than was the case with their parents that we-r 
kept in the same vessel with the second generation. Anoth< i- 
point is significant in this connection. The isopods in tlv* 
smaller amount of oxygen were seven months old at the close 
of the trials shown in the table, while those in higher oxygen were 
only five months old. The exact meaning of this time differem-e 
is masked by the fact that the isopods in the low oxygen content 
hid been kept in (iiiict water which was only infrequently changed, 
while the others were from ruiming ^vater. The food conditions 
in the two cases were about the same. 

The second part of the table summarizes the results of more 
exact tests. The isopods used in both this experiment and the 
control were reared in the laboratory from the same stock. They 
were separated when too small to be tested and those that were 
to be kept in higher oxygen were placed in an aerating device 
patterned after that of Colton (’08, p. 428). In the form used 
this consisted of a large wide mouthed glass bottle which could 
be tightly sealed (fig. 4). 

Two glass tubes extend through the cork. One of these {B) 
opens above the water in the bottle and is connected at the other 
end with a filler pump. The other glass tube (A) is draw^ to a 
fine point at the outside end and only a small opening is .left for 
the entrance of air. In this way the bubbles are smaller and so 
create less ourrent in the water. On the inside this tube extends 
^down well towards the bottom and opens into a larger tube (C). 
The large tube is about two centimeters in diameter and slopes 
upward until its up])er end extends out of the water. Just 
below the water’s surface are three openings {E} blown into the 
wall of the tube. When the suction is turned on, the air is drawn 
into the bottle through (A). The bubbles are .then drawn into 
(C) at {D) and escape at {F). 

During the* passage through the water some of the gases of the 
ail' ai'e absorbed and in this way the water is kept at air satura- 
tion. ‘Whatever current is set up by the passage of the bubbles 
escaqies through the holes (E) on the under side of the large 
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(,ibe. In this way it is possible to keep water well aerated with- 
setting up strong currents. In fact by adjusting the rate of 
ii.fw of the bubbles and-by keeping the tube from extending too 
fnr into the water it was found thaf scarcely any (airrent was 
noticeable on the bottom of the containei\ 



This device has several advantages as a control in this kind of 
experiments, for it enables one to keep the isopods in a well-aor- 
ate*d, current-free medium. This avoids the possible mcchani(‘al 
stimulation of the current and at the same time kt'eps tlu^ isopods 
in the presence of their own waste products and thus in the same 
conditions as prevail in the experiment, except as regards th(5 oxy- 
gen supply, and the possible increased oxidation of the waste. 
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In the case oi inese experiaientSj the isopods were put into tliN 
aeratin^^ device in the water in which they had been reared aini 
this water was not chan^jied. From table 13 it will be seen that 
the iso[)ods in the aerated water, not only responded to current > 
with a much strongei* degree of positiveness, but that their rata 
of growtli was more rapid. In this case the supply of oxygiai 
is the only factor known to have varied. 

(4) Respo7ise to straight current. •The effect of keeping streaiit 
isopods in low -oxygen is more marked if tested in a straight cur- 
rent, than when only the pan responses are compared. The lack 
of adequate aj)paratus in the early part of the work is more clearly 
shown in these experiments than when the pond reactions weic 
being discussed. All of the trials except the second and fifth 
shown in table 14, were made before the later apparatus was 
built. In these cases it Avas impossible to control the oxygen 
supply or the temperature during the trough tests. It was there- 
fore necessary to test the isopods from low oxygen and room tem- 
perature, in cold tap water having a high oxygen content. Under 
these conditions it is remarkable that the results in the i^est of 
the table compare as well as they do with the results obtained 
under i^roperly controlled conditions. 
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In. the third, fourth, seventh and eighth trials listed the response 
was probably shortened by the change in temperature. In all 
liut the second and fifth trials it may bax e been leiigtlunnHl by the 
presence of a large amount of oxygen in the water. In spite of 
these difficulties the reactions are fairly consistent with the ot hoi- 
st raight current tests, that is there is an apparent correlation 
between the length of the positive i-esponse and tlu‘ ])cr cent of 
positive reactions in the pan frsts. This means that the animals 
ill the stream if caught in a sudden cuiTcut, after a period of low 
oxygen in summer pools, would maintain themselves against (Ik^ 
('urrent for only a short time and must he washed down stream 
much sooner than isopods from the usual stream eoiulitions. 

If the low oxygen should be long continued, however, the 
animals would tend to become acclimated. Tliis has a,lre:uly been 
diown to be true for the circular current and is illust rail'd lii'ri' 
by the response given in the tenth trial sliown in table 14. This 
response was given by the same isof)()ds that showed a(‘(‘limatiza- 
tion to the circular current in the first part of tabh' 11. 

b. Carbon dioxide 

Xot enough experimental work has lieen done on tlu' ('fleet of 
increasing the amount of carbon dioxide ])r('sent in the wati'i* to 
enable this discussion to be critical. However, then' an' sonu' 
lines of evidence that appear significant. In the stn'ams thi' 
amount of carbon dioxide pn^senl in the free state is low, tliat is it 
averages from 2 to 3 cc. per liter. In the ponds it ha,s been taken 
as high as 40 cc. per liter but the average is about oin'-fourth this 
amount. Since water will absorb over 90(1 cc. of ('arbon dioxide 
per liter, it will be seen that only a relalivc'ly sum, 11 amount is 
present oven in the ponds. 

Part 1 in table 15 gives the effeet of low oxygen and incn'asod 
carbon dioxide, the latter being present in the amount that was 
found in nature in the most extreme eases. 41ie ixisitive rheo- 
tactie response gradually fell under these conditions, hut l)y 
referring to table 11, part 4, it will be seen that the decrease' is 
not so rapid as when only low oxygen was acting. The second 
part of the table gives the effect of a much larger amount of car- 
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\y>ii dioxide than has been found in any isopod habitat so far 
studied. In this case the action of the carbon dioxide in twelve 
hours cut the positive reaction to 28 per cent, while the eouti-ol 
hi low carbon dioxide stayed at 78 per cent. The control and 
experimental animals were then changed. In twenty-one hours 
tlie isopods in the experiment gave an 18 ]3er cent i30siti\'e response 
while those that had been changed from the experiment to the 
control had increased from 28 to 57 per cent positive. Tlie 
lowering of the oxygen in this case is due to l)ub])ling tlie carbon 
dioxide through the water in order to increase the amount of 
carbon dioxide present. 

Eight days later the response in the two conditions was about 
the same but the breeding season had set in and one j^air of the 
control animals was copulating. This complication makes tlic 
cause of the increased response in the experiment problematical. 
It may be due to acclimatization^ or to an interaction of the car- 
bon dioxide and the breeding season, similar to that gi^^cn with 
decreased oxygen. 

Part 1 of table 16 shows two experiments run duihig the breed- 
ing season of 1911. The first was started April G, and the second 
twenty-four days later. The presence of the carbofi dioxide 
caused an increase in the positive rheo tactic response from 38 
to 58 per cent in that time. In the second experiment the con- 
trol animals increased their positiveness due to the close of the 
breeding activities, and the animals in the increased amount of 
carbon dioxide did the same, although there was twice the amount 
of carbon dioxide present that was ever found in the ponds studied. 

The second part of table 16 gives the results of experiments 
run at the same time as those given for low oxygen in talile 12. 
In this case there was first a slight increase followed by a decrease 
in the positive rheotactic response, and as the amount of carbon 
dioxide was increased the positive reaction^ decreased. The in- 
crease in positiveness however was not so great as that given with 
low oxygen under similar conditions. 

The results obtained correspond exactly with the known effects 
of carbon dioxide as a drug. Cushny (TO, p. 588) says in part, 
that in mammals, carbon dioxide unmixed with oxygen produces 
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asphyxia, p|rtially due to % lack of oxygon and partially to a 
direct depressing action upon the central nervous system. When 
mixed with sufficient oxygen the specific effects of the gas may be 
(tbserved with^t asphyxia. Under these conditions transient 
stimulation occurs, followed by subseciuent do])ression of the 
central nervous system and heart. In well diluted vapor, only the 
exaltation occurs as the anesthesia does not follow. d1n‘s would 
mean that the results shown in the first ])arts of tables 15 and 1(>* 
are due to the action of carbon dioxide [is a stimulant, [ind this 
may even retard the depressing effect of [i decreased ox>'gen su])- 
ply (table 11, part 4). But when over 200 cc. of carbon <lioxide 
per liter are present, it acts as a strong depressant. Reg^irding 
the effect of large quantities, Cushny (l.c., ]>. 588) says that 
in inammalsra large amount of carbon dioxitie jn-obably acts as ,*1 
poison protoplasm, for it lessens tlie amount of oxygen absorbed, 
so that in the final analysis it would seem tlnit the depr(‘ssing 
effect of carbon dioxide is directly due to increased oxidation!^ and 
thus it acts in the •same way as when the siqiidy of oxygcui is 
decreased. 

It will be r^ernbered that the free cai;bou dioxide [iresent in 
the streams is about 2 cc. per liter, while that of the^onds nuiy 
run as high as 40 cc. But since in the experiments 45 cc. of car- 
bon dioxidtj acts as a slinuilant, and since small amonnts of the 
gas are kno\\m to be mammalian stimulants, it is improbalffe 
^that the low positive response of pond isopods is corn^lati^d witli 
tke increased carbon dioxide content of the water. This then 
leaves the decreased oxygen supply as the main emu ron mental 
factor with which the lowered positiveness seems correlated. 

c. Chloretone 

Chlorctonc (acetone chloroform) belongs to the class of sub- 
stances commonly known as anaesthetics. ^Authorities generally 
agjee that these anaesthetics inhibit to some extent certain of the 
fundamental metabolic reactions (Child, MO, p. 173). Different 
strengths of ohloretonc were used in thes(‘ exiierimcnts but 0.005 
per cent was found to work best for experiments that were to run 
some time. Preliminary tests showed that the animals collect 
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in bunches when first placed in a sciution containing chioretfne. 
I.ater they })ccame acolunated and moved more normally bui 
wouhl bunch aj^ain if more chlorctone was added. As has been 
previously stated, this reaction is also induced 1% a sudden ii^ 
crease or decrease in temperature. 

The exposure to chlorctone for the rheotactic experiments was 
iiiade in sealed glass jai's, the solution being changed every twenty- 
four hours. The results of one experiment only are shown. 
(ta})le 17) but these are entirely comparable to the reactions 
given by a number of other tests. In this experiment the con- 
trol animals remained strongly positive while the reaction of those 
under the influence of chlorctone was cut from 78 to 25 per cent 
positive. Towards the end of the experiment the animals were 
evidently becoming acclimated and hence gave a normal response. 

d. Poiaasiiini cyanide 

Potassium cyanide is known to decrease the amount of oxida- 
tions by deci-easing the ability of the tissues to take up oxygen. 
(Geppert, '99, p. 208), Then weak solutions of this chemical 
should sho^v the same results upon isopod reactions as keeping 
them in a low oxygen supply. Experiments prove this assump- 
tion to be true. The results of two series of such experiments 
are shown in table 18. These experiments were conducted in 
every respect like those with chlorctone. The amount of potas- 
sium cyanide used gave only a faint odor to the water. 

In the first part of the table, isopods giving a positive pah 
response of 82 per cent, were placed in N/100,000 KCN solution. 
At the end of five days they gJive a 30 per cent positive response. 
For the next three days they were kept in N /1 25,000 solution and 
during that time the response ^vas practically the same. At the 
end of eight days half of the original number were dead. The 
remainder were put ii^tap water and showed a rapid recovery of 
their normal I’esponse. The other trial shows the same resi^lts 
except that when the experiment ended, all but two of the isopods 
were dead. The lowering of the positive response in the control 
is due to the fact that the control in these experiments was run 
with very little food. 
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€. Low temperttture 

The general effect of lowering the temperature is to cause a 
decrease in the positiveness of the animals. Tllis decrease is 
well shown in the experiments listed in table 19. No attempt 
was made to find how small a decrease or how short an exposure 
would cause a reaction, the only care being to find if low temnera- 
ture would affect the response. 

The results show that a decrease in temperature does affect 
the rheotactie response in a marked manner, mainly. in that 
it renders the isopods extremely inactive. Although these ex- 
periments do not show any acclimatization, yet by comparing 
with results listed in table 2 it will be evident that the isopods do 
come to give their normal positive response at as low as 4^C. 
above zero. Again this is a reaction to a change of conditions. 
General experimental work has shown that a chapge in 3° 'of 
temperature does not usually affect the reaction to current, 
although in one case a change of 4° ‘did have a marked effect. In 
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•I temperature gradient, isopods collect at a teiui)praturc near that 
to which they have been previously exposed so that this optimum 
shifts with external conditions. 

The effect of a decreare in tcinperaturo iipoii the hunclhnjr 
reaction has already been mentioned. Since the isopods bec 4 )me 
acclimated in both these cases, it was to he expected that they 
would show a similar reaction regarding the effect of tempera- 
ture fipon their rheotactic response, 

/. Starvation 

The effect of starvation is shown by the results tabulated in 
table 20. These experinieuts were carried on in filt{‘red lake 
water. The only difference between the experiment and the 
control was that the latter contained a few leaves for food. “The 
results show that as starvation progressed the positive* ivsporises 
of the isopods were diminished. Tiie decrease shown in the (*on- 
trol is due to the approach of the breeding s^'ason. As has been 
explained in other cases this may hav(' helped cause the decr»*ase 
in the experiment, but by comparison it will be apparent that the 
breeding season was not the major cause of the (hange in r{>sp()nse. 

2. POXD ASELLI 
a. With incr eased oxygen 

{!) Normal^dults. It is oLn ious that if tlie amoiiiit of oxy- 
gen present in the habitat is the determining factoi* in the rheo- 
tactic response of isopods, increasing the amount of ox}'gen pres- 
ent should increase the number of positive reactions. Tlie 
amounhof oxygen present was e^xperimen tally increased in throe 
different ways: (1) The animals were placed in running ta}) water. 
This method is objectionable because it introduces a (airrent, and 
the mechardcal effect of this might be the stimulating agent; 
(2) the aerating device already desci'ibed was used ; and (3) tjio 
isopods were placed in watci- containing a large amount of green 
water moss. Similar results were obtained from all three methods 
and these results are listed in table 21. 
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TABLE JI 

The epct of high oxygen iiyon rhcofuxix >n a<lull pon,} 
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With the exception of the last two items, this table deals with 
one stock kept in a large aquarium in running water. Th(‘ t(Nts 
were made by selecting individuals at random and so give a, fa,ir 
representation of the reaction of the gi’on]). The in(o’eas(‘ in 
positive responses is not great but it is nnirkeil enough and eon-* 
staiit enough to show that increasing tin? amount of oxygen |)res- 
eiit will affect the rheo tactic reaction. One very signifi(‘aut fa<*t 
is that there is no evidence of acclimatization in this oi’ a,ny sub- 
seepient test. The last two items show the same res})ons(‘ with 
isopods kept in still water which gained its ima-eased oxygen 
supply from the photosynthesis of Amblistigiiim moss. 

If increasing the oxygen present in the water o c(*. liter 
caused an increase in the positive response, then increasijig the 
concentration still more should cause a yei greatei^ iiuuT'asc' of 
the positive reaction. In order to test this, oxygeii was bul)bled 
through the aerating device previously descrilied. Tlu' oxygen 
gave the following analysis; oxygen, 99 per cent, carbon dioxi<le 
trace, nitrogen 0.95 per cent. The results are liste<l in table 22. 

The increase in the oxygen caused a (iecided increase in the 
pc:sitive reactions as well as in the general activity. AVhere 
isopods in the control crawded slowly these ran i-apidly, often 
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^larting suddenly when no apparent stimulus was acting. Even 
when the rate of positive response was already high, as slunvu in 
the second part of the table, increasing the amount of oxygen 
present caused a large increase in the positive reaction. The 
(liird part of the -table 22 shows the effect of allowing the oxyg«i 
in the water to escape gradually, and under these conditions the 
animals returned to a normal pond response wlnle the amount of 
oxygen present was still much higher than that in their normal 
habitat. However it was very low in com|)arison with tin' 
amount of oxygen to which they had been previously exposed. 

(■2) Juvenile mdres. Table 23 gives the effect of keeping juven- 
ile pond Aselli in high oxygen for long periods of time. Otlnu’ 
tests runfor shorter times, give similar results but with lessiiKuvase 
in positiveness. The right hand side of the table giv(^s av('rag(‘s 
from the response during normal development and is placed hen* 
for comparison. Two things arc brought out by the table. First , 
the pond isopods kept in a large amount of oxygen, devolo]) not as 
normal pond mores but as stream Aselli, and second, that the linn^ 
taken to acquire a given size .is less when a larger amount ofoxy- 
geh is present. The final results are especially interesting. At 
the age of 123 day^ the pond Aselli in high oxygen were tJ mm. long 
and gave a 72 per cent response. It took those in low oxygim 
193 days To attain the same size and then they gave only a 3S^ 
per cent positive respoiise. There is no evidence of a return to 
the response normal for pond isopods. 

(3) Response in straight current. Again the tests with tlu^ 
continuous straight current support the results with the dis- 
continuous circular one, Tlie results of these trials ai’e sum- 
marized in table 24. Isopods from all three methods* of furnish- 
ing increased oxygen were used with similar results, and om; is 
forced to the conclusion that increasing the amount of oxygen 
present in the water makes juvenile pond Aselli give a positive 
rheotactic response comparable with that given normally by 
stream isopods. 
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h, Cajfein 

I'hvsiologieally, calTein acts as a pennaiioiit siimuhint. TJiat 
is. there is no depressing after effect (Chishny, 'lO, ]>. 2 IS), l-nr 
this reason, experiments were nin witli pond isojiods to find if 
^iich a stimulant would cause tlie same increase in tlu' I'lieotactic 
reaction as that already produced by increasing tlie oxvgen 
.apply. For the experiments a solution of cafhnn in distiikal 
\v::tcr was made, saturated at room temperature, and this was 
■iddod in small amounts to tlie ordinary tap water used in tin* 
experiments. The amount of caffein is shown in th(' tabh' r2o) 
in terms of cubic centimeters per liter of water. 

The results of a number of trials are summarized in ta,l)le 25. 
The first part compares the elTects of different sti-engtlis i>f caffein 
solution upon the rheotactic rosj)onso. For I lie time us(m1, 25 
cc. of the saturated caffein solution per lilei- of water proved to 
most stimulating although the mortality was high. Fart 2 givt^s 
a series of trials with a group of pond Aselli ('xposed to 10 vv. of 
caffein solution per liter of water. The positive ivsiionse was 
increased over 30 per cent and continued high for o\(‘r eighty 
hoiu’s. The subsequent decrease in the positive ix'sixnisi' isdiu^ 
to the fact that the isopods apparently became aceliinatiHl to the 
caffein. 

In the third part is given the record of anotlnn- set of tihils with 
10 ce. of caffein solution per liter of water. Under tiiese condi- 
tions, the isopods showed a slightly higher positive I’esponse and 
gave the same slump in positiveness at about the same time. 
These experiments were rim at the same time as those given in 
part 2 and the same control was used. Fart 4 sliows th(‘ (dfect 
of increasing the caffein after the anipials had gone back to their 
normal reactions, through becoming acclimated to the strength 
of caffein used. The increase given must be due to the increased 
amount of caffein, because no other factors were acting. Aflei’ 
the acclimatization to this amount of caffein occurred, a fiu‘thei‘ 
increase seiwed to kill the animals rather than to increas(‘ tlndi' 
r os it ive reaction. Again as in the case of tlie saturated oxygen, 
the isopods are decidedly more active in all their movmuents so 
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tlfat thoir general activity as well as their rheotactic responxf. 
is alTectecl. 

c. Increase of temperature 

rt was shown in a previous section that decreasing the tpin- 
pcrature caused a lowering of the positive response; theoretically 
then an increase of temperature should show reversed results. 
The first ejfperinient to test the effects of increased temperatm-e 
was carried on by keeping the animals near a hot electric plate. 
The second, by keeping the animals in an automatically regulated 
heating tank. The results listed in the third part of table 2() 
were obtained by keeping the isoj)ods in a melting ice pack 
exposed to a warm room temperature. 

, The first part of the table shows that the effects produced by 
an increase of 6” operating for twelve hours, will persist for at 
least that much longer although the isopods are returned to the 
original temperature. The second set of trials indicates that the 
effect of continued high temperature is only temporary and the 
last throe tests show that an increase of only 4^ may cause a 
most decided increase of positiveness. The last experiments 
were upon stream Aselli during the breeding season. 

Other experiments show that a sudden increase of 10*^ in tcnv 
perature may cause either an increase or a decrease in the [)Ositive 
reaction, but if an increased response is still given after a 10' 
-raise in temperature, more heat always results in a diminution of 
the positive response. Whether a 10° increase in temperature 
will cause an increase or decrease in the positivity, seems correlated 
with the general amount of activity of the isopods. 

3. EFFECT^OF OXYCxEN ON SIZE 

The relation between rate of growth and the ultimate size of 
‘the isopods, with the amount of oxygen present in the water has 
been mentioned already, yet this subject is of enough importanee 
to merit a short general treatment. Colton (’08, pp. 410-447) 
demonstrated for snails, that the size may be correlated with the 
general oxN'-gen su])ply, but the exact amount of oxygen present 
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TABLE 26 

The effect of raising the fonperaiurc upon rhcotactic risponsc 
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was not determined. It has already been stated that tlie stream 
isopods are on the average about 3 inin, larger than those found in 
pond^. One set of twenty pond males averaged 12.75 mm. in 
length; a^set of twenty-eight pond females averaged 9.14 mm. 
The average of twenty-five stream isopods of each sex gi\’esthe 
males a length of 15.3 mm. and the females 12.2 mm. 

During the course of the experiments, the difference in size of 
isopods reared in low and high ox^^gen was quite noti(‘eable and 
those with the higher amount of oxygen, other things being c(|ual, 
were of a larger size. Although only a few of these wen' measni’ed , 
the measurements were entirely characteristic of the general 
effect and are sho^vn in table 27, together with the a^^erage oxygen 
content and approximate age of the isopods measured. 

Both sets of isopods were entirely comparable, being takim 
from the same stocks of animals. Both had plenty of food 
although perhaps the pond animals were better supplied. The 
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stream isopods were all kept in still water, the higher amouni .,,f 
oxygen being supplied by means of the aerating device. In 
pond isppods, however, those from the higher oxygen were ki nr 
in running water so that they w.ere in a medium free from tl- nr 
waste products, which other workers have found to cause a diminu- 
tion of size (Colton, 1. c.). The results indicate that the amoimt 
of oxygen present is one of the factors and probably a major mie 
in causing the size difference between pond and stream Aselli. 


TABLE 27 

EJffc.l of oxygen on &ize 
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4. KE ACTIONS TO GRADIENTS OF GASES 

Earlier experiments had shown that isopods would collect in 
their optimum light or temperature conditions if subjected to a 
series of graduated changes in either of these conditions. Since 
their rheotactic activity is more dependent on the oxygen supply 
than upon either light or temperature, experiments were tried* 
to determine whether or not the Aselli would respond to gradients 
of oxygen and carbon dioxide. 

These experiments were run in galvanized iron boxes especially 
designed for the purpose. Each box was 50 x 30 x 7.5 cm. in 
dimensions. The bottom was covered with a layer of beeswax to 
give the isopods a better foothold for crawling. All the metal 
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parts^werc painted dead black. Two centimeters from each end 

screen of brass wire netting was placed in order to keep the 
isopods from the current introducers. These introducers were 
of brass tubing in the form of a capital T. An even distribution 
of the current across the pan was assured by having the cross 
bar of the T punctured by eight equidistant holes, each 3 mm. in 
diameter. The water was withdrawn by a brass lube 2 {-m, in 
diameter placed at the middle of the box with its lower side 4 cm. 
from the waxed bottom. This was also drilled with e([uidistajit 
holes, which were guarded by wire screening to prevent tlie iso})ods 
from escaping. 

Tap water was introduced at one end and the boiled or the higli 
oarborf dioxide water, as the case might be, was allowed to 
How in at the other. The most striking results wen' obtained 
with a flow of 200 to 400 ec. per minute at each end of lire ])an. 
This current spread over the TO cm. width of the pan, gave a flow 
of .5 to 10 cc. to each square centimeter of cross section, for each 
minute, and isopods do not react definitely to a flow of this 
strength. 

With this device, a gradient of from 1.S2 cc. of oxygen at one 
end of the pan to 8.14 cc. at the other, was obtained. Foi* 
changes in salts see table 9 and discussion on p. 29(i. Tire half 
bound carbon dioxide was decreased 1 cc. per liter and the nitro- 
gen content was lowered from 18 to 3 cc. per liter. In all eases 
a control was run in a box, the exact duplicate in (rvery way 
of the experimental one. The only difference between the two 
sets of conditions was that in the control the same kind of 
water was introduced at both ends, the rate of flow l')eing the same 
as in the experimental box. From five to ten isopods wej'e used 
at a time and the experiments ran from one to six hours. R(uul- 
ings were taken at five, ten or fifteen Jiiimite intervals. In all 
cases the trials were made in very diffuse light or in t(flal darkness. 
The readings were taken with a one candle power white light. 
The temperature was kept near enough that of the water from 
which the isopods were taken so that tliere ^vas no temperature 
interference. 
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Table 28 gives the summary from eight trials made with 
from water having an oxygen content of over 5 cc. per liter. The 
grand totals show a decided positive response to the tap water 
end, afthough the control animals are almost equally distributed 
between the two ends. This mass result was confirmed by 
transferring the introducers and thus gradually changing the 
amount of oxygen present at either end, and also by stirring the 
isopods back to the center. In all cases the final reaction was in 
favor of the tap water end. Generally this reaction was the 
result of a series of movements about the box during which the 
isopods went from one end to the other but in a few cases thei-e 
was a definite turning back when the boiled water was encountered. 

Table 29 shows the response of isopods kept in an oxygen%upply 
of less than 3 cc. per liter. Even under these conditions they did 
not collect in the boiled water end of the gradient in greater num- 
bers than in the tap water end, yet the response to the tap water 
was cut from 77 to 53.3 per cent of the total number of readings 
taken. . This probably means that having been kept in low oxy- 


TABLE 28 

Slream hopods from high oxygen in an oxygen gradient 
Experiment 
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• TABLE 29 

Stream isppf^s from, lou' oxygcfi in an oxggm gratUcui 


Experiment 




('OMRl'i! 



• row i 

CENTER 

HIGH ; 

01 : HR ext: 

t.ow 

I.ENTEH 11 

111.11 

U.'IH 

■ 

— 








Oj gradient CC. per liter 

3 . 07 ' 

5 47 

7.03 

cc. per 




T. JkT /t.'t ^ 

response 

23 1 

IS 

40 

GOO 

5 

3 

2f; 

2.41 

gradient 

1.82! 


^ 8.14 






response , 

2G j 

9 

151 

400 

41 

[\ 

!3!) 

2 12 


95 j 

43 

2S() 

525 

IS!) 

3S 

197 

■) 00 


80 ' 1 

26 

71 

525 

)’)5 

43 

S2 

2 5)“) 

j 

^2 ■ 

i 9 

: 26 

3(K) 

‘^) 

19 

22 

3 00. 


42 

38 

90 i 

3(K) 

39 

St; 

51 

2 (K) 

gradient 

3 24 


: 11,00 






response 

79 

12 

; 01 

3fK) 

67 

11 

71 

0. 3 


17 

30 

; 28 

300 

“■ 

11 

1 1 

2.41 

Totals 

384 

185 

759 


5()S 

217 

(i05 


Percentage of total 









trials ■ 

i 

; 29 

i 

14 

■ 57 


38 

17 

45 



TABLE 30 

■ Stream isopods in a carbon dioxide gradient 
From water having less than 2 cc. per liter current SOO re, per n/i'n. 


ExPEitIMENT L\iNTin;l. 

i HIGH I CENTER ; I.DW HtCfl CKNiKH I.OW 


COsgradiftntce. per liter 24 3.5 

response 25 | ' 7 45 30 i 44 

gradient 45 3 : 

response 2S 2 40 17 20 34 

gradient 59 3 

response 20 ,3 37 30 S 10 

gradient 60 : 7 : 

response 7 0 30 ' 23 4 4-> 

gradient 80 20 

response , 19 ' 0 . 59 52 9 17 

gradient 551 ' 13S 

response * 6 0 I 72 38 6 40 , 

Totals.* 104 12 289 190 59 166 

Ter cent of total ’num- 
ber of trials I 26 3 71 47 14 39 
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gen conditions, the isopods became more tolerant of low oxygen, 
although their optimum amount of oxygen was still higher than 
that furnished by the low end of tTie gradient. 

The results with a carbon dioxide gradient are given in table 
30. These trials show that stream isopods avoided an amount 
of carbon dioxide equivalent to the highest quantity found in 
nature, but that the avoiding is much more pronounced as tlie 
amount of carbon dioxide is increased. The result is, that al- 
though the higher amount of carbon dioxide diffuses against the 
current to the low end of the gradient, the isopods collect in an 
amount of carbon dioxide to which they arc strongly negati\ e 
when such a response is possible. 

These gradient experiments show that the stream isopods tend 
to (‘ollecl in the amount of oxygen or carbon dioxide to which they 
are accustomed. In nature this reaction would tend to keep the 
stream isopods from collecting in conditions that might affect 
their general state of metabolism, and in this way affect tlieir 
power of resistance to the stream current. 

5. SUMMARY or EXPERIMENTAL RESULTS 

The major experiments may best be classified on the basis of 
the result, of the materials used, upon the rheotactic response. 
Under this division they fall naturally into two groups; those 
that decrease and those that increase the positiveness of the rheo- 
tactic response. These may be summarized as follows: 

A. Conditions that decrease the positive rheotactic response: 

1. Low oxygen 

2. Chloretone 

3. Potassium cyanide 

4. Low temperature 

0 . Sudden extreme increase of temperature 

6. Carbon dioxide. 

7. Starvation 

To these may be added the life history effects as shown in the 
breeding season and the juvenile reactions. 
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B. Conditions that increase the positive rhootaetic response: 

1. Atmospheric saturation of oxygon 

2. Complete saturation of oxygen 
Caffein 

4. Increase of temperature, if not too extreme 

The rheotactic responses given by the isopods unde]* different 
conditions are summarized in the following series of curves. 
These graphs are based upon all the experimental data at hand, 
and plot only the positive responses of the iso])ods. 'riuw neces- 
sarily show only two factors, namely, time and th(‘ [)er cent of 



Fig. 5 Normal rheotactic re.sponse. A, Adult .stream; /f, A<lull pond isoi)(>ds 

positive responses. The former is given by the abscissae and the 
latter by the ordinates. The other accessor}' data may be found 
by referring to the different tables. * 

Figure 5 shows the curve for the normal rheotactic res])oase 
for adult stream (A) and pond (B) isopods. The general sim lar- 
ity of the two curves is noteworthy. The most striking difiVr- 
enee, aside from the lower positive response of the isopods, is 
the different degree in which the breeding season aifects tiie two 
■ mores. 
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The unbroken line {A) in figure 6 gives the effect of a decrease(l 
oxygen supply upon adult stream Aselli. The response consi>is 
of four periods. First there is the lessening of the positive re- 
sponse which is followed by partial acclimatization. This is 
followed by the breeding season after which the isopods are either 
more vigorous or else are more capable of becoming acclimated 
than before and so give a stronger positive response. The broken 
lines (B) show the effect produced by keeping the pond Aselli in 
tap water, the steeper curve being plotted for younger animals. 
In neither case is there any sign of acclimatization. 



Fig. 6 Adult isopodf? in reversed oxygen supply. A, Adult stream; Adult 
pond isopods. 

The broken line (B) in figure 7 gives the results produced by a 
low oxvgcn supply, upon the rhcotactic response during the breed- 
ing season. In general there is first an increase of the positive 
response, followed by a decided reversal. The unbroken line (-4) 
shows the effect of an in^reascd carbon dioxide supply The 
effect of the decreased oxygen is probably due to its action first, 
upon the germinal glands, causing a cessation of their actitit} , 
which gives more energy for other activities. This is followed 
by the direct depressing effect of the low oxygen upon the tissues 
themselves. The results so far obtained with carbon dioxide 
may be explained by its general narcotic action. 
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The solid lines in figure 8 give the effect of low {S,) and higli 
,8i) oxygen content upon the rheotactic reaction (ff juvenile stream 
Aselli. ,The rheotactic reactions are too iiulefiinte during the 
first month to be considered. The second month shows tlie same 
state of development in each environment but fi-om that time on 
the responses are entirely different. It is especially nottnvorthy, 
that the isopods kept in a low supply of oxygen througho\it their 
lives, did not become strongly positive even after the breeding 
season, which came in their fifth month. Tliat is, they did not 
show the same capacity for regulating, given by adults under the 
same conditions. The broken lines give the reactions of isoj) 0 (l 



Fig. 7 The effect of iiici'cascd carbon dioxide and (lecrcus('d oxygen upon the 
rheotactic reaction during the breeding ycai^on. A, carbon dioxide; B, oxygen. 

of pond parentage (Pi) in high, (P 2 ) in low oxygen supply, and 
it is evident that their rheotactic reactions do not depend on their 
ancestry but on their enmronment. 

Figure 9 compares the results of different depressing agents at 
the concentrations used. Apparently a rapid decrease in tem- 
perature (yl) is most effective and most transitory. ( ar})on 
dioxide (C) from 200 to 300 cc. per liter seems to be second in 
both these qualities. The isopods become slowly acclijnated to 
chloretone (P) at the strength used, but show no suelf tendency 
with the potassium cyanide {D} in the concentration used. Star- 
vation (E) also acts as a continued depressant. 
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Kig. 8 Rh(M)taxis during isopod develnprneiit in difTcrcnt amounts of oxygen. 
iS|, Stream isopods in high oxygen, S?, in low oxygen; pond isopods in high 
oxygen, in low oxygen. 



Fig. 9 The offeet of depressing agents upon rheotaxis. A, low temperature; 
B, chloretone 1/200 [ler cent solution; C, carbon dioxide, 200-300 cc. per liter; 
7), KCN, n/100,000; /i', Starvation. 
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Figure 10 gives the curve for the effects produced bv stimulating 
agents. Two distinct results were obtained with water saturated 
with oxygen {B, D). In one case (B) |lu> isoiiods wore already 
giving an increased positive response due to the i-elativc'ly I'lig'li 
oxygen content of the water. In both eases, howe\ er, the in- 
creased positiveness was maintained until death resulteil. Tlie 
isopods, however, become acclimated to both a higher femiiera- 
ture (A) and to a supply of caffein (C). When once .acciimaled in 



Fig. 10 The effect of stimulating agents iijion rhe(>taxi.>^. .1. liici-fast'd ttun- 
perature, about ten degrees; B, D., saturated oxygen, 25 cc. juu- liter; t’, catlVm. 
10-25 cc. saturated solution per liter. 


the latter, further increase up to the point of toxicity caused 
increases in the positive response. 

The experiments have also shown that the size of the isoj)ods 
and their rate of growth arc correlated with the oxygen sujijily. 
Also that when subjected to a gradient of dilTcrent conctdit ra- 
tions of oxygen or. carbon dioxide, Aselli \vill collect in tlu' c<)n- 
ceritration nearest that to which they arc ac(‘ustom(Hi. 
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IV. DISCUSSION 

In presenting these results the writer realizes fully the attend^ 
ing imperfections and the need of more work along some lines. 
But in order to do further work with this material, in this field 
in an intelligent manner, these general relationships had to he 
first blocked out. It is the author’s intention to follow this paper 
with a study of the effect of the same conditions upon another 
characteristic isopod reaction, and to further analyze the interest- 
ing relations shown during the breeding season. 

The principles iipon which this paper is based have been suc,- 
cessfully worked out (under the author’s direction) with amphi- 
pods by Mr. W. J. Saunders in an unpublished master’s thesis 
and with amphipods and planarians by graduate students doing 
course work in experimental animal behavior. The work of these 
students has shown that the rheotactic reactions of both amphi- 
pods and planarians arc comparable with those of pond and stream 
isopods and may be controlled by the same external factors. 

In the summary of the experimental results just given, the basis 
for classification was made the positiveness of the isopods in their 
rheotactic responses, but if the heading were rather the effect of 
these conditions upon the metabolic state of the organism, the 
summary would not need^to be changed.. 'For all the conditions 
that have been found to cause a decrease in the positive reaction 
are known to depress the rate of animal metabolism (Child, l.c., 
p. 173). Low oxygen (Haldane and Smith, ’97, p. 242) pJtassiilm 
cyanide (Gepperl, ’99, p. 208) and high catbon dioxide (Cushny’ 
’10, p. 587) do this by directly decreasing the oxidations. Chlo e- 
tone belongs to the general group of anaesthetics that are known to 
have a depressing effect upon certain of .the fundamental meta- 
bolic reactions (Child, l.c., p. 173; Cushny, l.c., p. 195), The 
decrease in activity due to low temperature is a well known phe- 
nomenon in both animals and plants, as is also the depressing 
effect pf an increase of temperature above the optimum for life 
relations, while starvation decreases metabolism by removing 
the material to be oxidized and so gives the same results from the 
other side of the equation. On the other hand, the rate of metab- 
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olisin increases with the increase of the oxyjien dissnh'ed in 
water (Lingle '02, p. 83; Martin, '06, p. 303; Loch, ’06, p. PD). 
Then, too, Pieron (’08, pp. 1020 and 1061) nu'asured the anioiinl 
(,f oxygen present at different times in sea w:i,ter*and found that 
Actinians expand and retract their tentacles as the oxygtMi ten- 
sion of the water increases and decreases. These observations 
were confirmed by experiments in aquaria, but Bohn ('08. p. 1 1(>3) 
questions Pieron’s interpretation of his results aiid attributes 
these rhythms to much more complex factors. An incr(\ise in 
temperature hicreases metabolism providing, of course, the in- 
crease is not too rapid or too great. Caffeiu^is known to Inu’e a 
permanent stimulating effect (CiishnV, l.c., p. 248). 

From this evidence, the rheotactic reaction in isopods must 
depend upon the metabolic state 6i the animals. All the observed 
facts concerning their response in nature support this view, except 
that in young animals the rate of metabolic reaction is liigher 
than in the older ones. Yet the juvenile isopods give either no 
rheotactic reaction or are very indifferent to the current. But 
with these young isopods, conditions that favor a high metabolic, 
rate cause positive reactions to appear sooner and to be a great 
deal stronger than in those animals kept in conditions tliat depress 
metabolism. Then, too, the clinging reaction is strong in these 
young isopods and even under the most favorable conditions, they 
do not move about rapidly. Since the ])ositive rheotactic re- 
^f)ons 0 l seems correlated with the degree of motile activity of tlio 
isopods, this tendeniy to cling in one place would account for 
the ap|5arent discrepancy in the tack of positiveness in these 
juvenile' Aselli. 

In nature the complex of conditions found in ponds furnishes 
isopods that give a low positive rheotactic response, while stream 
conditions produce the opposite result. The amount of oxygeh 
in these two habitats varies greath^ as has already been pointed 
out, and this variation appears sufficient to account in a large 
measure for the difference in the reactions. Of course the fact 
that the pond water usually contains more organic waste products 
than, are found in the streams, may help to cause the difference 
in the reactions. But this does not seem to be the imi)ortant 
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factor since pond isopods kept in well aerated water containing a 
large amount of waste products gave the same increase in the 
positive reaction, as when running tap water was used. Also 
the cause of difference in response in isopods from the two habi- 
tats cannot be due to the mechanical stimulation of the current 
for experiments with both stocks show that this cannot be true. 
Pond Aselli kept in still water but in high oxygen, increase in posi- 
tiveness, while stream Aselli under the same conditions maintain 
their high percentage of positive responses. The isopods which 
gave the reactions in table 1 had been in still water all their 
life and yet gave a positive response of over 89 per cent. From 
these considerations it appears that oxygen is either the most 
important environmental factor in determining the rheotactic 
response or it is the best single' factor index of the effect of the 
complete environment upon this reaction. 

Through the tables one can see evidences of irregularity in the 
response of the isopods from the same conditions. This irregu- 
larity was due to two causes. First, the error of the method, 
which has been shown to be about 5 per cent. This error is due, 
in part, to the tendency of the isopods to keep on going in the way 
they may he headed. This would account for an isopod going 
positive nine times and negative the tenth. The second cause 
of the irregularity is the fact that an SO per cent positive response 
on the part of five isopods may mean that four of them went 
positive every time while the fifth was entirely negative. At 
first sight this would appear to be a serious objection to the plan 
of selecting the animals to be tested at random from the stock 
under corisideration. Conceivably one might pick five isopods 
that would all give a res])onse opposite to that of the general 
culture. In practice however this has not occurred and the large 
number of trials is a sufficient safeguard against such a source of 
error. However in the later experiments every animal used, both 
in the control and in the experiment, was tested and more uni- 
form results were obtained in this way. 

The question at once arises as to why one member of the stock 
under the same external conditions as the others should give a 
different rheotactic response. One of the reasons is the state of 
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the isopod, regarding the time distance from the moidthig pciiod 
The exact bearing of the moidting cycle upon i-heotaxis has nut 
yet been worked’out, but evidence is amimiilating to show that 
in stream isopods, the moulting period and the time immediately 
following it are characterized by an indefinite or at any rate a 
weak rheotactic response. 

Regarding the permanence of the nuxlifications pr.xIiHvd, i! 
has been repeatedly mentioned, that in pond iso])(>(ls ke|)(' in 
high oxygen, there was no reversal to the normal pond lvspnns(^ 
although in two cases these experiments ra,n for over six monllis! 
On the other hand, the stream isopods seemed to jiossc'ss a powoi- 
of acclimatization, and a return to the normal stri'am ])()sitive- 
ncss in ^ fairly low oxygen content. However, in the case of tlie 
isopods reared entirely in low oxygen, tliis increase in posit ixaxK'ss 
was much less marked. Apparently if the stock could hav(' Ixxm 
carried through a few more generations the response would hav(‘ 
been entirely that of pond isopods. Hence it woiihl a[)p(nr that 
the reactions, with which this paper is dealing, are distinctly 
dependent upon the environment for their continiian(‘(\ On 
the other hand the taxonomic differences, as the number of sjhiu's 
on the propodus-of the first thoracic appendage, show the same \'a.ri- 
ation in both habitats. That is, the taxonomif* diflVnxncf's aiv 
inheritable characteristics of the species, and are not dependent 
upon external conditions, while the belnudoi' chai-acti'rs ]\v\v 
sfudiediare almost independent of heredity. 

The size of the isopods has been shown to lie correlated withth<‘ 
amount of oxygen in the water and size is often used in deiiidng 
taxonomic species. So here we have one structural element that 
does depend directly upon the environment. This liears out the 
statement of Shelf ord (Tl a, p. o93) that animal beha^'ior is 
usually plastic while animal structure is only slightly plastic. 
Since aside from the size, the taxonomic characters of isopods 
from the two habitats are the same, the animals cannot be referred 
to as a stream ^form’ as contrasted with a pond ‘form/ because in 
its general usage form is applied to a morphological entity. How- 
ever, the term 'mores’ as used in general in the ('oncilium Biblio- 
graphicum, and as specifically defined by Shelford (Tl, p. 30j 
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does exactly express tne. difference between the pond and stream 
isopods. Thus' we are dealing with the pond mores and the 
stream mores of Asellus communis, which depend on environ^ 
mental rather than on hereditary differences for their distinctive 
features. 

Tn the isopods used, these two mores occur in the same taxo- 
nomic species, but in the amphipods, Mr. Saunders (l.c.) found a 
different species in the ponds from that in the streams. This 
means that with the amphipods studied the natural mores would 
run parallel with the taxonomic species. But the pond mores 
could be transferred directly into stream mores without affeetiiijj 
their structural characters. Thus the mores or ‘ecological 
species’ are independent of taxonomic species, and a single eco- 
logical species may be composed of half a dozen taxonomic species 
or of only a fraction of one. 

The general conclusion to be drawn from this series of experi- 
ments is that in the isopod, Asellus communis, the rheotactie 
reaction is dependent upon the metabolic state of the animal 
for its degree of positiveness and that the natural or experimental 
conditions which affect the metabolic state of the animal, change 
its rheo tactic response. That is to say, the rheotactic reaction 
is here an expression of the metabolic condition (physiological 
state) of the isopod and may be controlled by those factors 
known to control animal metabolism. 

It is a pleasure to acknowledge my indebtedness to Dr, C. M. 
Child for his many helpful criticisms but my best thanks are due 
to Dr. V. E. Shelf ord, who first suggested this problem and under 
whose direction the work has been done. 
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INTRODUCTION 

in this paper are described observations on certlin phases df 
the ma tuition -process in Oncopeltus fasciatus (Dali.),' Lyga^us 
bicrucis (Say), and some other Hemiptera, together with the 
results of a comparison of these species with some other insof-ts, 
with Tomopteris and with Batracoseps. It was my original 
object to clear up the relations of the sex-chromosomea in Onou- 
peltus and to trace as completely as possible their history in the 
maturation-process; but in doing this it was found necessary to 
take into consideration many other features of the spermatogene- 
sis, and I will take this opportunity to present some conclusions 
based on a broader study of these problems on which I have long 
been engaged. 

In respect to the sex-chromosomes, Oncopeltus is of especial 
interest because it stands on the border line betweien species in 
which the X~ and F-chromosomes are visibly unequal in size, 
and in which a corresponding visible difference appears between 
the diploid chromosome-groups of the two sexes, and those in 
which such sexual differences can not be seen.^ In my fourth 
‘Study’ (’09 a) Oncopeltus was classed with Nezara hilaris as 
an example of the latter class of cases; and much theoretic impor- 
tance has been ascribed to both these forms as indicating^he pos- 
sibility or probability that the spermatozoa are really sexually 
dimorphic even when no visible evidence of this is shown by the 
chromosomes. In my seventh 'Study’ (’ll a) ) I showed, con- 
trary to my original account, that a dimorphism of the sper- 
matid-nuclei is in fact visible in Nezara; but in regard to Oncopel- 
tus judgment was reserved as I wa§^ still baffled by apparently 
contradictory data. I am now in a position to clear up these 

1 The first account of Oncopeltus was f^iveu by Montgomery ( 01), who described 
the sex-chromosomes (‘chromatin-nucleoli') as of equal size in the male, .and found 
that they remain always separate, without fu^ng at the time of general synapsis, 
and divide separately in the first spermatocyte-division. Subsequently ('06) he 
added that these chromo.somes (now called ‘diplosomes’) conjugate to form a 
bivalent after the first division, and undergo disjunction in the second division- 
In my fourth ‘study’ ('09 a) 1 briefly confirmed these acctmnts, and stated that the 
female diploid chromosome-groups are not to be distinguished by the eye from the 
male. 
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contradictions and to announce a definite result, (hicopeltuf^ is 
indeed d case tVi whveh the A- and ) -chromosoffics (ut evvij tdten 
sensibly equal in size, and in ivhich the sexual dijferences of the dip- 
loid groups are too elusive to be certainla distinguishnl by the eye. 
These differences, nevertheless, almost certainly (‘xist. In e'er- 
tail? individuals a distinct size-difference hetwaTii A and 1’ is 
clearly evident in a. large percentage of the (‘ells at <n ery stage of 
the spermatogenesis; and even in individuals \vherc thi‘y usually 
appear icqual, inequality is unmistaka!)]y seen in a small percent- 
age of the cells. Aside from this, the clos(‘ similarity almost 
identity— between Oncopeltus and Lygaeus hici-ueis in all other 
features of the spermatogenesis makes it extiamudy probable that 
the same essential relations of the chromoso]a(\s In sex ('xist in 
both, though they are only clearly obvious in Lygaeus. 

Like many other insects of this older, Lygaeus ,iind {)n(‘opeltus 
are distinctly unfavorable objects for the diivct study of syiia])sis 
and the reduction-divi^iom -indeed the problem of synapsis seems 
to be practically insoluble in these particular forms. TInv never- 
theless present some very interesting features for eomparisou witli 
other forms. In the first place, the history of the sex-cbi'omo- 
,^omes may here be traced with almost uniepK^ clearness, Tiiey 
may#e identified at a very early pre-sy nap tic period.aml followed 
thence as individual bodies thigoiigh every later stag(‘ u]) to th(‘ 
time of thejr final delivery to the spermatid-miclci, Every step 
may be followed in their conjugation and subseepumt disjuiie- 
tion without any intervening process of fusion. In case of th(‘s<‘ 
particular chromosomes, therefore, I consider synapsis and dis- 
junction to be indisputable facts. It is far otherwise with the 
ordinary chromosomes or ^autosomes.' It is extremely difficult 
to gain any clear idea of their behavior in the synaptic period, 
and I fear quite impossible to trace them individually through 
the growth-period. On ^he other hand, their behavioi‘ in the 
pre-sy nap tic period and in the maturation-prophases exhibits 
some very interesting ’features when compared with other forms 
in which the process of synapsis and its sequel are more accessible 
to observation. In making such a comjiarison I have been for- 
tunate in the opportunity to make use of some remarkably fine 
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preparations of other investigators, to whom I am under gro:u 
obligations. To Professor McCiung I owe the loan of a beautiful 
series of orthopteran preparations, especially of Phrynotettix. 
Mermiria, Chortophaga and Achurum, which display on a larger 
scale some of the same phenomena seen in the pre-synaptic stager, 
of the Hemiptera, and leave no doubt of the close parallel between 
the two groups in this regard. Even more, however, I am in- 
debted to Dr. and Madame Schreiner, and to Professor Janssens, 
for some of their admirable original preparations of Tomopteris 
and Batracoseps, which have enabled me to make a prolonged 
study of the phenomena of synapsis in these classical objects. 
In particular, two magnificent slides of Batracoseps by Janssens 
demonstrate both the complete seriation of the stages and the 
finest details of the nuclear structures with incomparable clear- 
ness. Though J have also made many preparations of this form, 
as well as of Plethodoii and other Amphibia, I must admit my 
failure to equal in all respects the standard set by the slides of 
Janssens. A close comparison of these various preparations has 
more than ever impressed me with the futility of attempting the 
study of these problems with material that is unfavorable for the 
purpose, or with preparations that in any respect fall short of the 
highest standard of technical excellence. Nothing is moi# Cer- 
tain than that different objects differ enormously in the clearness 
with which the relations are displayed, and in their reaction to 
fixing and staining reagents. Had this been more generally recog- 
nized, many erroneous conclusions and some ill-considered criti- 
cism might have been avoided. 

Through the study of Batracoseps and Tomopteris I have finally 
been convinced—for the first time, I must confess, as far as the 
autosomes are concerned— fl) that synapsis, or the conjugation 
of chromosomes two by two- is a fact , and (2) that in these ani- 

- A number of wrilois have suggested that the4erm synapsi.^^, as hero employed, 
should be abandoned in favor of some less ambiguous word (such as HaeckorV 
term ‘syndesis’) beeauae it h:i.s so frequently been applied to the contraetion-hfi- 
ure (‘ayiiizesis' of McClung), I am, however, in favor of the retention of ihf' 
word, for the ambiguity has arisen simply through a misunderstanding of Moore .' 
ineauiug. He ajqdied the tenn ‘synaptic phase,’ or ‘synapsis,’ to the serie.< of 
changes following the last diploid division (during the ‘rest of transformation'; 
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mals (perhaps also in the Orthoptera) the conju<rati()]i is a side 
by side union, or parasynapsis. On the other hand, tlio evidence 
of a 'reduction-division' in the ordinary use of ilie term -d.e., 
the disjunction of the same chromosomes that unite in synapsis-' 
seems to me to be far short of a demonstratiom In these forms 
synapsis is followed by a union so intimate that no adequate evi- 
dence of duality can for a time be seen in the resulting; l)i valent s. 
I do not for this reason argue against tlie conception of tlu‘ reduc- 
tion-division. On the contrary, I shall olfer new considerations 
in favor of this conception in a somewhat modiiicd form; but in 
case of the aiitosomes it must for the present i-est mainly u]ion 
indirect evidence. In this respect the autosomes ditfer notably 
from the sex-chromosomes, at least in tlie male sex; ami this 
difference may be of significance for some of the most int(M‘esting 
phenomena of sex-heredity. 


in the course of whioh the ajjpiiient nuiiiher of chromosoim's is ri'iiui-i'il to oiir-luilf. 
“There arc thus, after the rest of transformation, only oti<' lialf as niaiiy <‘lironio- 
somes, i. e., separate chromatin-masses, as then' were befon*, ami tin' li.alvinfr „f 
theiAiumber, being brought about while the nuclei are still at re.sf, is to that 
extent comparable to what is now known to go fot war<I (lin ing tli(‘ matufatioii of 
the reproductive elements of plants. I therefore jiroposi' t lie tio'iti SynapI ic I’lia.st' 
(from crui^aTTTw, to fuse together) to denote tiie ijcriod at whicli this most iii]|>or- 
tant change appears in the morphological ('haracterof re})i'<Kluctive (‘(‘l!s“ (’!ia, jj. 
2S7. In subsequent pages the phrase ‘syuapti(‘ pluise’ isoftenshortruied to 'synap- 
•sis’inthe same sense). This ‘most important change’ is obviously tin* h;iiving 
of the number of chromosomes: and nowhere in Ids pap('r is the word applied 
to the contraction-figure, though the latter is stated t(j la' “(diaraeteristie of tlii.s 
particular phase in the spennatogu- and ovogenesis of a great variety of aniimil 
forms” (p. 305). Though there was, perhaps, s(jmc obsimiity in his original use of 
tlie word, all doubt as to Moore s moaning is reraoveii in a later jiaper, [uiblished 
jointly with Farmer (’05), where synapsi.s is precisely defined as “tliat serii's of 
events which are concerned in causing the tem])orary union in pairs of pre-inaiotic 
chromosomes” (p. 490). The fact that so many lat(‘i’ writers have misa])plied it 
should not debar us from the eonfinued use of so convenient and a[)pro])riate a 
term — one that seems particularly fitting if it be a fact, as a number of exerdlent 
observers have concluded, that .synapsis is followed by actual fu.sion. I can dis- 
cover no reason why McClung’s term 'synizesis' should not be generally emjiloyc'd 
for the contraction-figure, as it already is by most .Vrneriean writers. 
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I. THE MATURATION-DIVISIONS IN ONCOPEUTUS AND LYGAEUS 
WITH REFERENCE TO THE SEX-CHROMOSOMES 

111 Oncopeltus the diploid number of chromosomes is sixteeii 
in both sexes (figs. 1 to 5, photos, 1, 2) in Lygaeus fourteen (fig. H), 
and the second spermaiocyte-division shows half these numbers 
that is, eight in the former case, seven in the latter. The first 
division shows in each case one more than the haploid number, 
owing to the fact, repeatedly described heretofore in other Hemip- 
tera, that in the' first division the X- and F-chromosomes divide 
as separate univalents, while in the second they are united to 
form a bivalent. In both Oncopeltus and Lygaeus these chro- 
mosomes conjugate in the final .anaphase of the first division 
just as the cell is about to divide. 

1. The diploid chromosome-groups 

The spermatogonial and oogonial divisions require but brief 
description since they present no striking features and the size- 
differences are but slightly marked. In Lygaeus bicrucis (fig. 6) 
the fourteen chromosomes are in the main similar to those of L. 
turcicus as described in my first and third ^Studies' ('05, '06) 
though the F-chromosome is relatively smaller in the latter spe- 
cies. The X-chromosome can not be identified by the eye^but 
must be at least twice the size of the F-chromosome, as indicated 
by the maturation-divisions and by the spermatogonial groups 
themselves. Unfortunately my material of this species docs not 
show a single good equatorial plate in the female; but the relations 
are here no doubt the same as in L. turcicus. 

In Oncopeltus, of which I have abundant material of both sexes, 
the size-differences of the chromosomes are even less marked than 
in Lygaeus, and it is impossible to identify pairs of different 
sizes. Uareful study fails to reveal any differences between the 
diploid groups of the two sexes that are sufficiently marked or 
constant to give any certain result (figs. 1 to 5). In the male one 
chromosome not infrequently is somewhat smaller than the others 
(fig. 2), and this may be the F-chromosome; but very often this ' 
is not evident, even in other spermatogonia from the same cyst 
(figs. 1,3). As will be shown beyond, the A^- and F-chromosomes 
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arc often somewhat unequal in later stages; but this, too. is incon- 
stiint. Oncopeltus is in factj therefore, a form in which the sexual 
dilTerences of the chromosome-groups are too slight or too elusive 

be distinguished by the eye. It is, howe\'er, perfectly certain 
that an Z7-pair is present, the members o( which show all the 
characteristic peculiarities of behavior that characterize thi^se 
chromosomes in other forms. 

2, The first spermatocyte-division 

The maturation-divisions are shown with I’emarkable clearness 
inlOncopeltus and Lygaeus —indeed, either of them might be 
taken as a model of those Hemiptera in which a simple .YF-pair 
is present. The following account applies primarily to OncopeU 
tus, Lygaeus being described only by way of comparison. 

In the first division appear nine separate chromosomes in a 
grouping of remarkable constancy. Seven of the nine bivalents 
are grouped in an irregular ring, near the center of which lie the 
univalent X- and 7-chromosomes, side by side but not in contact 
(figs. 8, 9, li, photo. 3). The constancy of this grouping appears 
from the following data. Two hundred clear polar views, taken 
at random, did not show a single case of more than nine chnnno- 
somes; plus variations of number in this division (such as are 
occasionally seen in many species) must therefore be very rare - 
indeed, I have never seen such a case.^ Of the two hundred cases, 
one hundred and seventy-two showed the grouping just described. 
In the remaining twenty-eight the deviations were unimportant; 
the ring may show a gap at one side (figs. 10, 12), one of the biva- 
lents may lie inside it (fig. 10), or (rarely) one or both the sex- 
chromosomes may lie in the ring (fig. 13). In only two cases did 
the sex-chromosomes not lie side by side; in these, they were 
separated by one bivalent (fig. 13). 

The size-relations alone sufficiently indicate that the twr) small 
central chromosomes -are the univalent sex-chromosomes (a fact 

’Apparent minus deviations are of course common, but are disrt'gaided l>ccau.se 
evidently due in most (all?) cases to the fact that one or more chromosomes lie 
out.sidc the plane of section. 
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fuiiy established by study of the growth-period and the pjv;- 
phases) ; for, were one or both bivalent, the spermatogonial groujx 
should show one or two corresponding pairs, which is not the 
In Lygaeus (fig. 7) the grouping is the same, but only six bivalents 
are present, and the ^?ex-chH)mosomes are conspicuously unequal 
in size. 

The composition of these chromosomes is better seen in smears 
than in sections, and better -in Protenor (described beyond) than 
in either of these forms. In sections, side views of the full meta- 
phases (figs. 14 to 17, photo. 4) usually show all of the chromosomes 
as simple dumb-bell figures, though indications of a quadripartite 
form sometimes appear. In smears the bivaknts are often seen 
to be (piadripartite, owing to the presence of a longitudinal split 
ill addition to the transverse constriction; but this never appears 
in the univalents. All the chromosomes alike divide ‘trans- 
versely’ — that is, across the constriction of the dumb-bell in 
case of the bivalents, therefore, the early anaphase-chromosonies 
are double bodies, while (lie sex-chromosomes are single, but this 
contrast only appears clearly in smears, owing to the close union 
of the two halves. In this respect the relations are less clearly 
seen in these forms than in some others, such as An ax, where the 
anaphase-chromosomes are clearly double (cf. Lefevre and Mc- 
Gill, ’08), or Aprophora, where the same condition is conspicuously 
shown (Stevens, ’06). 

. The anaphases are of particular interest because, as has been 
mentioned, a conjugation between ihe X- and Y-chromosomes 
takes place in the later stages. As the division begins and the 
daugliter-chromosomes are separating, a marked contrast in form 
often appears between the sex-chromosomes and the autosoines 
(figs. 19 to 21). The latter are more or less extended transversely 
and often show a slight constriction, thus giving evidence of tlicir 
double nature, which is accentuated by the very conspicuous 
double fibres by which they are connected. The latter are so 
thick, and stain so deeply, as to appear as if spun out from the 
chromosomes themselves (as has been noted by other observers). 
On the other hand, the sex-chromosomes do not show such a con- 
striction, remaining nearly circular in outline, while the comiecl- 
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ing fibers arc much less conspicuous, and often appear siiigliu 
Up to the middle anaphases the sex-chronioso in os remain always 
separate (figs. 18^ 19). In the later anaphases all the chromo- 
somes draw more closely together, and often come more or less 
into contact, though without losing their original grouping; 
but in case of the autosoiues the contact is hut casual and tem- 
porary, while the sex-chromosomes become definitely attached 
to each other to form a dumb-bell shaped i)ody at the (*enter of 
the group (figs. 19, 21). By this process the total number of M^pa- 
f ate chromatin-elements is reduced from nine to eigdd (the hap- 
loid number). In Lygaeus the process takes ]dare in (exactly the 
same way and may be seen witli equal clearness, both in [lolar 
views and in side-views. In both sjiecies polar views of the tinal 
anaphases show that the chromosomes, save for lh(‘ir moi(‘ 
crowded condition, have retained the same groutiing as in the 
metaphase (figs. 24 to 29), the .V}'-bi\ailent being at the center, 
surrounded by the other ehromo.somes in the form of a ring. 
These facts are seen so clearly and in so great a number of eases 
as to remove every doubt that /// ilifsc spfCfcs flic c<uiju<}nt(o/i 
between X and Y regularly fakes place at Ihe poles oj the spindle 
before the jirsi nmturalion-dmsion has been coinphiedd 

In Lygaeus the A"F-bivalent thus formed is readily di.stingiiisli- 
able by the inequality of its two components (figs. 2S, 29, 4t;). 
In Oncopeltus it is often not thus marked but its identify is no 
Ies.s certainly revealed in another way. As the figures show, the 
aiitosomes still show but slight indication of a transverse const rie- 
tioh, and can hardly be described as dumb-bell sfiaixMl until a 
later period. The fl'-bivalent, on the other hand, is invariably 
deeply constricted, so as to have a conspicuously duml)-l)ell sha])e, 
and it often still appears like two chromosomes that are merely in 
contact. This characteristic difference persists throughout the 
entire interkiiiesis, and is still perfectly obvious in the ensuing 
metaphase of the second division. 


* I described and figured this prucess in the ease of (■(xunis in my first 'Study’ 
(’0.5b)but did not recognize its constancy. I now incline l» ibmli thiil it will 
be fouiifl to occur in Hic same way in nian\' oilier forin.'s. 
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The inieTkinesis 

The interkinesis has hitherto been very briefly treated by my- 
self and other observers of the insects, because in most species the 
chromosomes are so closely crowded at this time as to preclude 
accurate study. T^ygaeus (at least in my material) is no excep- 
tion to this, but Oncopeltus fortunately shows every stage of the 
intorkinesis witti remarkable clearness. There is no ^resting 
stage’ between the two divisions, no nuclear vacuole is formed, 
and both the chromosomes and the centrioles retain their individ- 
uality throughout. 

At the moment when the equatorial furrow has appeared and 
the conjugation of X and Y has taken place, the centrioles are 
already rather far apart, and still lie at some distance from the 
chromosome-group (fig. 22) . All the achromatic elemepts are now 
so delicate -that it is difficult to make sure of the exact structure; 
but it is certain that each centriole is surrounded by a small, but 
very distinct aster, and the two ^eem to be connected by a delicate 
central spindle. As the cell divides several other changes take 
place. The chromosomes, without otherwise changing their 
grouping become still more crowded together, and thus become 
ma.ssed in a nearly flat plate, \vhile the centrioles move still far- 
ther apart (fig. 23). Shortly after the division these relations 
are unchanged sa\'e that the centrioles are still farther separated 
and lie nearly on opposite sides of the chromosome-group. The 
asters are still present, and between them lies a rather large, 
irregularly spindle-shaped area. It is difficult to say whether 
this should be regarded as an actual spindle; but delicate fibrillae 
often may be seen extending into it from the poles. 

The chromosome-group lies somewhat excentncally within this 
area in the form of an irregular flattened plate. In side-view 
(fig. 30) it is usually impossible to distinguish more than a few of 
the chromosomes. In face view also, the crowding is often so 
great that the grouping can not be exactly made out. Here and 
there, how^ever, it is evident that the •original grouping’has not 
been lost, and occasionally plates are to be found in which every 
chromosome may be clearly seen (hgs. 31, 32). Study of such 
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(‘Mses niftkcs it ccrtein that no fusion ()r }>i’ 04 \''ss (')f disiiito^i'utioii 
has^-aken place, nor is any evidence of a nuclear vacuole to ho 
.,ecn. The chromosomes still retain the same form as in the pn'- 
ceding anaphases, the XF-bivalent lying near the center, and 
^fill very clearly distinguished by its maikedly bipaitite form. A 
very characteristic feature of this stage is tlu^ massing of milo' 
chondrial granules on one side of the spindle-area a^seen in side- 
view (figs. 30, 31). This results from the fact that during the 
division the chondriosomes are mainly massed around th(‘ s])imil(' 
and do not extend to any great extent into the jiolar areas dig. 
22).. After completion of the division therefoi-e the (diondri- 
somes still lie mainly on the side of the chi’omosoine-plate. In a 
general way this relation persists througliout the inteikinesis. 
In the condition just described tlie cells remain until the pro|)hases 
of the second "division. It is probable that the interkiin'sis is of 
rather brief duration, because in some cysts all stages may be 
found between the closing anaphases of the fij-st division and fulf^ 
inetaphases of the second. C'ysts may, however, be found in 
which practically all of the cells are in the cojidition described; 
from which it i)iay be inferred that a brief pause folhiws thecom- 
pletion of the first division. 

The second sjjermatocyle-dmsion 

The prophases of the second division, which follow direct iy 
upon the stage just described, are marked by a resumption of 
activity on the part of the astral systems, which rapidly imn-easc 
in development while a definite spindle is foi’jiied between them. 
As this takes place, the chromosomes spread further a])art and 
take up a position at the equator of the spindli^ in the same group- 
ing as before. It is rather difficult to follow this change completely, 
as these stages are not very abundant in iny preparations, and 
are almost always seen in oblique view. It is^ however, certain 
that a double movement of the chromosomes takes place, involv- 
ing (1) a rotation of each chromosome through about 9t) tlegrees, 
so as to assume a position with its long axis parallel to the axis of 
the spindle, and (2) a virtual rotation of the entire gi'oup, so as 
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to lie at right angles k) the spindle. I am uncertain whether the 
latter movement is a simple rotation of the group as a whole, f)r 
whether the relative position of the individual chromosonus 
changes more or less as they spread apart. It is certain, how- 
ever, that when the metaphase has been attained (figs. 34'37. 
jilioto. 4} the chromosomes have the same general grouping as in 
the final anaphases of the first division or in the interkinesis, save 
that they are less crowded. As before, the XF-bi valent lies 
near the center, surrounded by the seven other chromosomes, 
very often arranged in an irregular ring, though this is somewhat 
variable. 

It seems probable from the facts just described that in these 
animals the general grouping of the chromosomes is determined in 
the prophases of the first spermatocyte-division. Already at 
this time the X- and F~chromosomes are brought into position 
for their ensuing conjugation; and their topographical relation 
fo the autosoines remains thenceforward unchanged until their 
final delivery to the spermatid-nuclei. In this respect these 
species agree with such forms as Fitch i a or Focconota among the 
reduvioids ^Payne, '00) and differ from the corcids and other 
forms in which a marked change of grouping occurs after the first 
division. I conclude, further, that neither the chromosomes nor 
the centrioles lose their identity in the period between the first and 
second divisions, and that a complete relation of continuity exists 
between the two generations of spermatocytes in this respect. 

In side-views of the second metaphase the XF-bivaleiit is still 
almost always distinguishable from the other chromosomes by 
its deeply constricted dumb-bell shape (figs. 36, 37, 42, 43); and 
in correlation with this, this element is apparently always the 
first to divide, its two components having often completely sepa- 
rated before the others have even become deeply constricted 
(figs. 38 to 41, 44, 46, photo. 6). This precocious division of the 
XF-bivalent is a v^ery common phenomenon among the Heinip- 
tera (as 1 have heretofore described). It is obviously due to the 
comparatively loose union of A^ and V after their conjugation, so 
that they yield more I’oadily to the poleward force (whatever it 
may be) that o])er’ates during the division. 
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The later stages of this division have boon sn often deseribed 
a. fo call for no further account. The final result is tluu tlie spc^r- 
niatid-nuclei receive the haploid number of chromosomes sevtai 
iii Lygaeus, eight in Oncopeltus-half the nuclei in each cas(‘ 
receiving Z and half Y. The facts seen so dearlv in both th'es(' 
species remove every possible doubt that Iht X-',uid Y-duvnio- 
somes which thus enter the spermaild-nncJei are the sanu indiridniji 
chromosomes that conjugate at the end of the Jirsf dirision and persist 
throughout the interkinesis to disjoi)t in the course of the second 
division: It is of course possible that some exchange of material 
may take plhce between them during the brief period of their- 
association. Of this, however, tliere is no (‘\'id(’n(*e; and it is 
certain that their individual bouiidai’ios are not lost to view, and 
that not even an apparent fusion takes ]daco at (his period or 
any earlier one. 

a. The size-relations oj the sex-chromosomes in Oncopcilns 

In my first examination of this species my attention was given 
mainly to some excellent preparations from two individual males 
(designated by the numbers 711 and 712) in which the .V- and 
chromosomes appear equal in a large majority of (In' nuclei. 
The facts in Nezara hilaris (Wilson, T1 a.) led mo to r'xtend tlie 
examination to other individuals of Oncopeltus, whem to my sur- 
prise one individual was found (later two others) in which a slight 
but evident inequality was ob\'ious in a largr' percruitagr' of the 
cells at all stages. Upon reexamination of the mitire sorirs 
the interesting discovery was inade that in every individual (*ases 
could be found of both equality and inecpiality. (he ratio hefurvn 
them varying ^videly in different individuals. In th(* extreme 
cases this is perfectly apparent to the eye, so that individuals of 
predominantly equal or uneijual type may readily b(‘ distinguished 
even by casual inspection. In other cases one is often in doubt 
until largp numbers of the nuclei have been tabulated. As exam- 
ples of the extreme types I give below' the results of astudyof 
two individuals (nos. 712 and 760) representing the best material 
as to fixation and staining. In these a comparison of the A^- and 
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)'-chr(nno.soiues as to apparent size was made in one hundred 
nuclei, taken at random, from each of the following five stages (,f 
the s^iennatogenesis: f 1) the pre-syiiaptic leptotene, (2) the syiiap, 
tic period (synizesis), (3) the post-synaptic spireme, (4) the fiist 
spermatocyte-metaphasc, (5) the second spermatocyte-metapha>e. 
The best of these stages for the purpose are the maturation-divu, 
sioiis as seen in side-view (because of the elimination of foreshort- 
ening) and the pre-synaptic leptotene (because of the clearness 
with which both sex-chromosomes may be seen at this time), hut 
in neither individual was the requisite number of side-views of the 
first di\'ision available. In the latter case, therefoVe, both side- 
views and polar views have been included. The cases are classed 
as equal (eq.), unequal (uneq.) and doubtful (dbf.), the latter 
including those in which there was reason to suspect error due to 
foreshortening or the like. 

SVN'Al'TIC POST-SYN FIRST DIVIStOX SECOND DIV1S!I>\ 

(>q. 'uneq. dbf. eq. ureq.j dbf, oq. unrq.' <lbf. eq. [uneq. din. 

SO 13 7 (So 23 12 55 37 8 83 | 9 S 

7 89 4 5 S() 9 2 95 3 6 i 87 7 

There is no doubt a considerable error in these figures due to 
foreshortening, since these chromosomes, though often spheroidal, 
are often slightly elongated (ellipsoidal), and are of course seen 
in all positions. Bui after making a large allowance for this, the 
contrast between the two individuals is manifest at every stage 
of the spermatogenesis, and nowhere more so than in side-views 
of the second division. I have made tabulations of several other 
individuals which give percentages qf equality ranging from ninety 
down to ten ; but in most cases the data from intermediate types 
are less consistent and the probable error is much larger, for 
(){)\dous reasons.* 

From these observations I draw the conclusion that in Onco- 
peltus the A"- and F-ehrpmosoines show a certain' tendency 

“ Compare figs. 9, 10, 14, 15, 24, 25 (equal type, tio. 711), IS, 19,3 6-40 {equal type, 
no. 712) with 11, 12, 16, 17, 20, 31, 32, 42 to 44 (unequal type, no. 760). See also 
photos. 7 to 11. 


CKK-SY.V-APTIC 
cq. uncq, <lhf, 

712 83 10 7 

700 5 2 
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towards inequality in all individuais. so marked in some eases as 
to characterize a large percentage of tla^ cells, so slight in others 
that it can not be distinguished by the eye in more thaif a small 
percentage. A noteworth>- fact remains to ho juentioned. 
Among my few smear-preparations of Oncopeltiis is one slidt^, 
showing great numbers of nuclei at nearly all stages, in which th(‘ 
J-chromosomes are almost always e<iiial in tlie growth-p(n-iod 
and earlier stages but invariably unc(iual in tlu' prophases. 1 
distrust this evidence somewliat. for it is notorious that variations 
of size are very readily produced in smears owing to ditferent 
degrees of flattening. Were this the only ex)ilanation, liowevcn-. 
we should expect to sec the size-differences as great in the earlier 
as in the later stages. If the result ])e trustworthy, it is interesl- 
ing as indicating tlie existence of some kind of material differ- 
ence between X and Y that is expressed in a greater (mlargeimalt 
of one of them at the period when l)oth expand somewhat and 
undergo longitudinal splitting. 

II. THE GRO\V1'lI-IM:itI()I> 

For the direct study of the actual proce.ss of r^ma|)sis and ils 
relation to the reduction-di\dsLoii, On copelt us and J.ygaeus pj'c- 
sent practical difficulties that I have thus far fournl insuperable: 
hence no attempt will be made to (.(escribe synapsis in detail. 
The transformations of the chromatin during the growth-period 
will nevertheless be considered at some length, partly in order 
to trace the complete history of the sex-chromosomes, parllx- 
because of the interest of many features piesejited by the auto- 
^omes, and I will also describe certain facts observed in other 
animals that may help to elucidate some of the problems her<' 
encountered. 

L Outline of the siaga^ 

In Oiicopeltus it is necessary to distinguish not less than twelv(‘ 
well marked stages following the last spermatogonial divi.sioiq as. 
follows: 

a. (Figs. 47 to 49.) The final spermatogonial telophases, in 
which the anaphase-chromosomes break up into a confused net- 
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like structure, and for a short time their boundaries can not cer- 
tainly be distinguished. In the latter part of this stage the .Y- 
and K-chroniosomes become clearly recognizable as compact, 
deeply staining bodies; but in the earlier stages they too seem to 
be in a diffused condition. This stage, of short duration, corre- 
sponds to Davis\s ^ Stage a’ in the Orthoptera (’08), and probably 
may he compared to the Testing stage’ that has been described 
as following the last diploid division in many other forms. 

1). fFigs. oO to 51.) Post-spermalogonial nuclei of somewhat 
larger size, in which the chromatin appears in the form of separate, 
massive b()di(^s, approximately equal in number to tire chromo- 
somes of the diploid groups. Two of these, of more even contour 
and staining more deeply, are now recognizable as the sex-chro- 
mosomes. The other masses are more or less irregular in form, 
often ragged in texture, and stain more lightly. 

c. (Figs. 52 to 55.) The lightly staining masses are in this 
stage transfoi'ined into delicate, closely coiled or convoluted 
threads, while the sex-chromosomes retain their massive form, 
and are thus rendered- very conspicuous. In the latter part of 
this stage the |ine threads are seen uncoiling or unravelling from 
the massive bodies to form the leptotene-threads of the following 
stage. 

d. (Figs. 56 to 59.) The pre-syiiaptie leptotene. The auto- 
somes now have the form of long delicate threads, while the sex- 
chromosomes retain their massive form as Thromosome-nucleoli.' 

e. The synaptic stage or synizesis (figs. 60 to 61). The threads 
are now much thicker, stain more deeply, and are closely convo- 
luted in a contraction-figure or synizesis. A plasmasome can 
sometimes be distinguished at this time, but is usually first seen 
in the ensuing stage. 

f. ^ Post-synaptic spireme (pachytene, diplotene, figs. 62 to 
65). Separate thick threads are now again spread through the 
nucleus, approximately of the haploid number, and in the latter 
part of the period longitudinally divided. The plasmasome is 
now nearly always present, though rather small. 

g. The diffuse or confused stage (figs. 66 to 67). The double 
segmented spireme disappears from view, giving rise to a rather 
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coarse, vague, lightly staining net-liko structure, in \vhi(‘h are 
suspended the ohromosoine-niieleoli and tlu’ ])lasnu\soine, the 
latter at its maximum size. In this stage the nuclei i-eniain 
throughout the greater part of the growth -]ieri()d. 

h. Early prophases (figs. 105, 107). The staining caiiacity of 
the chromatin increases, while more definite and apparently simjk 
threads are evident. The sex-chroniosomes are more elongate 
and longitudinally split. The plasma some now dimiiiish(‘s jn 
size and disappears. 

i. Middle prophases (figs. 108 to 114). The thread.^ raj )idly 
condense,' stain more deeply, and diaw together tr> form tetrad- 
rods, double crosses, double T's, or (riirely) double rings. The 
sex-chromosomes are short rods, longitudinally .split. 

j. Late prophases. In these all the chromosomes areconverted 
into compact, deeply staining dumb-bell shaped Ixidics, rarely 
quadripartite in outline, which are ready to enter the spindle. 
This stage ,is often found in the same cysts witii the preceding, all 
intermediate gradations being readily seen. 

k. The division -period, including the two sperniatocyl e-divi- 
sions. 

l. Differentiation of the spermatids. 8periniog(an'sis in the 
narrower sense. 

With various modifications the foregoing stages are found in 
many Jdeipiptera, among the best of which foj; stmly of the early 
stages are the pyrrhocorid species l.argus cinetus and L. suc- 
cinctus. Some doubt exists in regard to Stage a ; and it is possible 
that in some forms (of which Largus may be an example) the 
spermatogonia! chromosomes do not lose their identity at this 
time but give rise directly to the massive bodies of )^tag(' b. In 
some cases (Largus, Pyrrhocoris, Alydus) the latter ]>art of Stage 
f/ is characterized by a second synizesis or contracti^in-figui'e, in 
which the autosomes are again closely massed togethei’. In such 
cases the early prophases are much more difficult to analyzi^. 

I feel confident that the seriation of the stages is correctly deter- 
mined— indeed the only possible doubt concerns the earliest pre- 
synaptic stages. The seriation is indicated by the general topog- 
raphy of the testis, which consists of very definite lobes in which 
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the cysts develop progressively in a nearly continuous series from 
r)ne end to the other. All the cells in each cyst are nearly, but 
often not quite, in the same stage. While the order of succession 
is not demonstrated so accurately as in some objects (e.g., in 
Batracoseps) it is placed practically beyond doubt by the study 
of transitional conditions in cysts where slightly earlier and later 
stages occur side by side. 

Throughout the whole complicated scries of changes in the auto- 
somes, the sex-chromosomes are at once recognizable at every 
stage (save the very first) by their condensed and deep-staining 
character. Lygaeus differs from Oncopeltus in the fact that the 
A"-chroinosome always retains a rod-like form and is longitudin- 
ally split at least as early as Stage /. In Oncopeltus both sex- 
chromosomes remain in the form of rounded and apparently un- 
divided chromosome-nucleoli up to Stage when they too assume 
the form of short, longitudinally split rods. At the period of 
synizesis the A"-chromosome in Lygaeus shortens somewhat, 
but at no time does it assume the rounded form characteristic 
of Oncopeltus and many other forms. In this respect Lygaeus 
bicrucis differs from L. iurcicus, where the X-chromosome has the 
form of a much elongated and longitudinally split rod in the early 
post-synaptic stages, but later contracts to a spheroidal form 
(Wils()n/05 b). These species of Lygaeus remove every doubt, 
could such longer e^^ist, of the identity of the chromatic/ nucleoli’ 
of the growth-period with a pair of chromosomes. 

2. The pre-synaptic period. Stages a to d 

The study of this period in these animals is of much interest in 
relation to a series of questions, frequently raised in late years, 
that are of the utmost importance for the theory of synapsis. 
These arc: (1) Arc the leptotene- threads of this period chromo- 
somes? (2) Is their number equal to that of the spermatogonial 
chromosome-groups? (3) Can they be traced directly as indix id- 
uals to the anaphase-chromosomes of the last spermatogonial 
division? As will be seen, the facts in the Hemiptera, in the dra- 
gon-fly Anax, and in certain Orthoptera give good reason to 
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;i,)swer the first two of these questions in the alfinnative. wiiile 
(he third remains unanswered. 

Stage h. It will be adMiiitaM’eous to eonsidoi* this iin])ortant 
sta^e before that which precedes it, as th'ere are doubts eoncerri- 
iag the latter. This stage and the following one art' characteristic 
of many Hemiptera and Orthopffe’a. and is seen also in the dra- 
gon-fly; and some of these forms art' much better ada]>ti‘d for its 
critical study than are Oncopeltus and Lygaeus;' 

In the latter forms numerous cysts in Stage h nrv stam in the 
region between the spermatogonial cysts and the syna))tic zone, 
often abutting directly upon the foriiiei’. For this reason 1 long 
supposed this stage to follow immediately upon the last sj)enna1o- 
goiiial division, i.e., to be the last spermatogonial t(‘iophas('. Sucli 
indeed is possiUy the case in Largus, as already stat^al; ])ut in 
some other forms it is certainly separated from tlu' t('lophas(* by 
an intervening net-like stage, In Oncopeltus and ].> gaeus Stag(‘ 
b is characterized by rather small sj)heraida] muloi in which may 
be very distinctly seen a group of separate, more or less irregular, 
massive chromatic hodief>, the number of which is ap})roximately, 
in some cases exactly, equal to tlie diploid number of chromosomes 
(figs. 50, 51, 71, 72). In i7rei)arations but slightly extracted 
{'after haematoxylin or saffraniiij all these masses stain alike - 
deep blub or red. Upon further extraction a vciy striking con- 
trast appears between two of these bodies and the otliers. the 
former retaining their deep color and ha\ang a fairly even contour, 
while the latter become pale and are Jiioj-e oj' less ii'regular in shape. 
As will be shown, the two dark bodies are the A'- and ) -chromo- 
some.s, which may be traced individually througli all tiu' suc(*oed- 
iiig stages up ,to the spermatocyte'di\’isions. In Oncopeltus 
they are spheroidal or ovoidal in shapi' and nearly e(|ual in size 
digs. 50, 51). In Lygaeus the X-chromosome is much larger 
than the F, and always has the hnm of a more or less elongate 
rod, which shows a good deal of variation, being .sometimes rpiite 
straight, sometimes curved in various wmys ffigs. 71, 72). In 

' Inmy fourth 'Study’ (’09 a) I gave a brief aceouni of this stage itt Pyrrlioeori.s 
iliustrated by photographs, de, scribing it as a ‘ sperinatugonial po.st-pJia^t , but i 
not endeavor to work out the history of the autusornes. 
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Largus and Pyrrhocoris but one dark body is seen; and this, as 
I earlier showed in the latter case, is the unpaired X-chrornosoinc, 

These massive bodies strongly suggest those to which Overton 
(/05, ’09) has given the name of ^ prochromosomes’ in the case of 
plant cells. Since however they differ from the latter in soiuo 
important respects I will not iftre employ this term; and for a 
similar reason will not designate them by Strasburger’s term 
‘ganiosomes’ (’05), though they undoubtedly give rise to the chro- 
mosomes that enter synapsis. 

Even a casual inspection of these nuclei is enough to show 
that the number of chromatic masses is not far from the spor- 
matogonial number of chromosomes, while here and there a 
nucleus may be found in which this number may be exactly 
counted. The enumeration is niost readily made in the case of 
Largus cinetus where the spermatogonia! number is eleven. 
In this species, which has eleven sperniatogonial chromosomes 
(photo. 33), nuclei may readily be found in which ten of the paler 
chromatic masses may be definitely counted. In L. succinclus 
their number is often seen to be about twelve (the spermatogonia! 
number being thirteen). In like manner, the number of the pale 
masses in Lygaeus is sometimes sedii undoubtedly to be twelve, 
in Oncopeltus about fourteen, the sperniatogonial numbt^rs being 
respectively fourteen and sixteen, though in neither of these 
species can the number he exactly determined in many cases. I 
do not hesitate however to draw the conclusion definitely that in 
these animals the full diploid number of Hepanile chromatic 
is present in a stage that shortly follows the last sperniatogonial divi- 
sion and precedes the formation of the leptotene-threads. In the 
dragon-tiy, Anax junius, there is a closely corresponding stage, 
but in this case all of the chromatic masses stain nearly alike, and 
the X-chromosome can often not be certainly distinguished until 
a little later. 

The stage desci’ibed above evidently corresponds to one in the 
Orthoptera (Davis’s* 'Stage h' in Dissosteira, Chortophaga and 
other grasshoppers) and is clearly shown jn some of McClung's 
slides. In all these forms, however, the chromatic masses stain 
more deeply than in the Homiptera, are of elongate form, and are 
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more or less definitely polarized. In Anax and tlie Honnplera, 
on the other hand, they are of more loss or I’ouiidod or irro{i;u!ar 
form, and show no definite polarization. Tliis is roivlatod with a 
corresponding difference in the form .and position of ilie s|ienna(o- 
gonial anaphase-chromosomes. In the Orthoptcra the iaitt'r'arc 
ill general TOd-.shaped, with their long axes iiarallel („ tlie spimile- 
axifi in Anax and the Hemiptera they are much sliorim-. often 
' rounded in form, and with their long axes (when distinguishable) 
lying at right angles to the .spindle-axis. The eondilioiis desei ibed 
above are occasionally varied by tlie a|)|)earam‘e of om- or two 
deep-staining bodies in addition to the sex-eliromosomes. nsnally 
of smaller size (cf. the photographs of IViThocoris in my fmirtii 
‘Study’). Owing to their inconstancy I am unceilain as to their 
nature. 

Wliethei all of ttic^c chioniatic^ luassps arc* is a 

question that probably can not b(‘ diiuctly or (*prtaiiily dotei*- 
iriined in the case of Oncopeltus and I.ynaeus. must relv 
here upon indirect evidence. But thci'c can ho nu doiilit that two 
of them are chromosojaes, for the Uro deepb/ sbuuuuj bodies of 
kygaeus and OncopeMus may be traced Ucp by step, tvilh no break 
of continuity, into the two chr^omatic ' nucleoli/ of (he syuiyesi.s and 
all succeeding stages, and thence throughout the growth-period into 
iheX~ and Y -chromosomes of the maturation-divisions. vSiiire the 
paler bodies correspond in number to the s]iennafojz:onial num- 
ber of autosomes, and since they undoubtedly give rise to the lep- 
totene- threads that enter the synaptic stage, it is at least a fail* 
inference that they too are chromosomes, or .are destined to 
become such. 

Stage a. As stated above, I long supposed the stage just de- 
scribed to follow immediately after the last spermatogouial divi- 
sion; but it now seems certain that in Oncopeltus and Lygaeus, 
»as in the Orthoptera (Davis, op. cit.j it is preceded hy one which 
more nearly approaches the condition of a testing’ nucleus. In 
this stage only the sex-chromosomes can be clear 1}' identified, 
and there is reason to conclude that in a still earlier telophase 
not even these can be distinguished. 
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In certain cysts that obviously precede those of Staged tlio 
nuclei are still smaller, the sex-chromosomes more elongated, while 
the autosomes form a lightly staining, vague net-like structure 
in which individual chromosomes can not be distinguished. This 
stage evidently corresponds to Davises 'Stage in the Orthop- 
tera, and is well shown in McClung’s preparations. ^ A simihii- 
stage has been described by several other students of the Ortho])- 
tera, especially by MeCTuhg. 

It is difficult to represent these nuclei accurately in drawings: 
but a fairly good idea of them may be obtained from figs. 68 to 70, 
which are from careful studies. They seem to contain a rather 
coarse and close network, with thickened and irregular nodes of 
varying size and number. In botli species the scx-chromosomes 
are more elongated than in Stage 6, and in I^ygaeus the Z-chro- 
mosome often assumes an almost ^'ermiform shape, as is shown 
in the figures. That these nuclei follow almost immediately 
upon the last spermatogonia! telophase is proved both by their 
small size and by the transitional stages seen in the same niu'lei. 
This is most clearly seen in Lygaeus, wfi^rc the elongate Z-chro- 
rnosome enables us to identify the early spermatocytes with cer- 
tainty (these chromosomes do not. appear as condensed bodies 
in the spermatogonial nuclei). In the cyst from which figs. 68 to 
70 were drawn both sex-chromosomes are perfectly clear in n:iany 
of the nuclei, but in many the T-chroinosome can not be found, 
and in a coiisiderablc number of nuclei, which seem to lie entirely 
within the section, not a trace of either sex-chromosomc can be seen 
(fig. 68). In this particular cyst no spermatogonial divisions are 
seen; but in other cysts in the same region of the testis, nuclei of 
exactly the same type as those last mentioned (with neither sex- 
chromosome in evidence ) are seen together with the spermatogonial 
anaphases. That the latter are the final spermatogonial divisions 
can not be proved; but in Lygaeus the evidence seems nearly 
decisive that there is a short period following the last division in 
which the identity of all the chromosomes is lost to view. I believe 
this to be true also in Oncopeltus, though the evidence is less satis- 
factory. On the other hand, it is that in Largus the final 

anaphase-chromosomes give rise directly to the massive bodies of 
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stage b. It is at any rate certain that the telophase-, .h,oni..snnux 
in this form retain their identity much longer tlian in l.ygaens, 
as is shown by figs. 74 and 75, which are coiineet('d hy all inter- 
mediate stages with anaphase-figures in the sanu^ <'vst. In a 
recent paper on Euschistus, Montgomery (’111 disiailfes a stage 
that seems to correspond to my Stage 6, and idem ifii's the n'lassivi^ 
bodies with the telophase-chromosomes.’ 1 must (‘onhss, how- 
ever, that neither this account nor my own olisiawations on 
Euschistus convinces me that this is eoiTcet. It seemsit) nuMhat 
have as yet no safe demonstration in any animal that the pn- 
synaptic chromosomes are actually the same individual chromo- 
somes as those of the last diploid division. 

I am unable to state in exactly what way tln^ massive bodies of 
Stage b arise, for there is no way of demonstrating the serial ion at 
this time, and the change is probably effeetial ra])idly. Diller- 
ent cysts of Stage b vary considerably, the massive hodii's being 
more irregular and less sharply defined in some; hut I hav(‘ not 
gained any clear idea of the succession. 

Stage c. We may now consider the most interesting changes that 
take*place during the transition to the leptotene stage, t)ieeaiiir*r 
of which may in some cases be seen in the same cysts wWh tlie 
preceding stage. In Oneopeltus and Lygaeus the minutem'ss and 
delicacy of the structures are such that I was long in doubt as to 
how the process takes place; but Largus, Anax, and some of tli(‘ 
grasshoppers constitute a series in which the same essential 
nomenon is seen on a successively larger scale, and which k'aves 
no doubt as to its nature. In all these forms ike prorens involves 
the resolution of the paler massive bodies into closely convoluted 
or coiled threads, which then uncoil or unravel to form the leptotene- 
threads of the succeeding stage. The sex-chromosomes, on the other 
hand, fail to undergo such a transformation, and retain their mas- 
sive form, though in some cases (Largus) there is some evidenc’e 
that they too may have an internal thread-like structunn 


' Arnold (’ 08 ) gives a similar aeeount of a corresponding .stage in Uydruphilus, 
and describes the massive bodies a.s conjugating directly two by two, before 
giving rise to spireme-threads. 
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A process of this type was long since described by Janssens (’01 1 
in both the spermatogonial prophases and the pre-syiiaptic nuclei 
of Triton (figs. 27^ 67), where it somewhat resembles the resolu- 
tion into threads of the 'nucleoli’ of the germinal vesicle of the 
same animal, as earlier described by Carnoy and Lebrun ^(’98), 
A process more or less sir^kr was described by the Schreiners (’Oli. 
’08) in the post-spermatogonial (prc-synaptic) stages of Tomop- 
teris, by Pinney (’08) in the spermatogonial prophases of Phryn(j- 
^ettix, and especially by Davis (’08) and more recently by Brunelli 
(Tl) in the pre-synaptic stages of Chortophaga, Tryxalis and other 
grasshoppers; Gregoire describes a similar process in plantj-cells, 
first in the somatic, cells of the root-tip in Allium (’06, p. 330), 
later in the i:)re-synaptic sporocyte-nnclei (’07, p. 391). The 
analogous relations discovered by Bonnevic and other recent 
observers are referred to beyond. 

In Oncopeltiis as the process, begins, the pale chromatic masses 
become looser in texture and more ragged in contour, and each of 
them gradually assumes the appearance, though somewhat 
vaguely, of a closely convoluted thread (Tgs. 52, 53). In the 
stages that follow (figs. o4, 55) the coiling becomes looser, sd that 
contorted or spiral threads are clearly evident, and at the same 
time the massive bodies progressively disappear from view\ These 
stages unmistakably show the nature of the process that is tak- 
ing place. It is now clear that each of the original compact masses 
(excepting the sex-chromosomes) has resolved itself into a tightly 
convoluted thread, which is uncoiling to form a leptotene-thread. 
The spiral or contorted course of the threads is still very evident 
when the massive bodies as such have disappeared from view 
(fig. 55), but is finally lost in the completed leptotene-stage (figs. 
56 to 59). In Lygaeus the process is closely similar and requires 
no separate description. Figs. 71 and 72 sho\v two nuclei in 
Stage 5, in each of which twelve of the paler masvses can be 
counted (not all shown in the drawing) , while the X~ and F-chro- 
mosomes are conspicuously seen. Whole cysts full of these nuclei 
are seen in nearly all of my sections. Figs. 73 a and 73 b show 
two early leptoten e-nuclei of this species after the unravelling is 
completed. 
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These stages have been described in Oucopeltus mainly be- 
cause of the importance of following the sex-chronu^somes at 
this period; but, as already mentioned, they are show)\ more 
clearly in Largus, spermatogonial telophases of whicii are shown 
ia figs. 74 and 75, and Stage c in tigs. 713 to 7S. Photos. and 
27 show nuclei of this form in Stages early c, the cl\araeter 
of which I hope will appear in the reprndiuUions. The thr(\ads 
are here coarser and show a more definitely s])iral dis))osi1ion. 
especially evident as the uncoiling progressc's. dhis is (>l{>arly 
evident in many nuclei in the negative from which plioto. 27 is 
reproduced. Though these nuclei are still rather small, tliey 
afford demonstrative evidence in regard to the main fact. 1 
am further confident that the threads are sej)arate and undivided, 
anti that but one thread is formed from oacli mass; l)ut the latter 
conclusion is less certain tliaii the former. In tlie dragon-nv, 
Anax,*th^ facts are similar, and in some respecds still mori' clearly 
shown. Stage h is shown in fig. 85 (the massive l)odies all (hazily 
‘stained); and in fig. 86 (closely similar to Janssen’s iig. 67 of the 
spermatogonial prophases of Triton) are shown three nuclei lying 
side by side, in which appear three successive stages of the unraveh 
ling. The spiral disposition of the threads in this form is sonu;- 
times conspicuous, and may be clearly seen because of the tend- 
ency of the chromatic masses to assume a peripheral position in 
the nucleus. Not infrequently are seen nuclei like iig. 87 in 
which a striking effect is given by the uncoiling threads. In .such 
cases it is very ovideut that the spirals are single,^ and the evi- 
dence is strong that one tliread is forming from each massive 
body. 

' ■ These stages may be studied to still greater advantage in the 
grasshoppers, where they have been accurately described and fig- 
ured by Davis (TS). This observer describes the post-spermato- 
gonial nuclei (Stage h) as containing a series of elongated massive 
bodies, very definitely polarized, approximately equal in number 
to the spermatogonial autosoines, and having “approximately 
the same orientation that the autosomes had during the preceding 
telophases of the last spermatogonial division” (op. cit., p. 38). 
In figs'. 43 and 44 he represents the unravelling of a single thread 
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from each of these masses, and concludes that each of the latu^r 
thus becomes converted into a single chromatin-thread.’* ,\ 
study of McClun^'s preparations, particularly of Achurum, lends 
me to a confirmation of this conclusion. Stage h is better scon 
in the slides of Phrynotettix than in Achurum; but as the latier 
shows the unravelling gtages more clearly a figure of Stage h froiii 
this form is here given (fig. 88). In Achurum the unravelling 
])rocess is quite unmistakable (figs. 89 to 92, less highly magnifunl 
than the other figures of the plate; sec also photo. 28). The 
threads here form closely convoluted knots (much like those 
figured by Janssens in the spermatogonial prophases of Triton), 
and a spiral arrangement is seldom seen. In Phrynotettix ant! 
^Mermiria the jn'oeess is less evident, but appears to be of the same 
general nature. 

Especially in hargus, An ax and Achurum the definiteness of 
the pictures and the succession of the stages seen side by side in 
the same cysts or in adjacent ones, entirely excludes, I think, the 
possibility that they are a merely accidental appearance due to ‘ 
vacuolization of the massive bodies, corrosion-products or fixa- 
tion-artifacts. The only question is whether the thread that 
unravels from each massive body is single, double or longitudinally 
divided. I am nearly certain that the threads are single and undi- 
vided. In this respect my conclusions agree with those of Davis, 
and differ from those recently announced by Brunelli (’ll) in the 
case of Tryxalis. This author describes a similar unravelling proc- 
ess but believes the threads to consist of two separate longitudinal 
halves which result from a longitudinal split that is evident already 
in the preceding telophases, and which separate still more widely 
as they uncoil. The evidence for both these conclusions seems to ' 
me very incomplete, as none of the unravelling stages are shown, 
and the massive bodies of Stage h are assumed to arise directly 
from the telophase chromosomes without proof of this impor- 
tant point. This assumption may be correct, but it seems more 
probable that Stage a has been overlooked by this observer. 

The question here involved is so important that I have en- 
deavored to reach a more certain result by study of the analogoii? 
processes seen in the spermatogonial prophases. The first of these 
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eases, as already mentioned, was desci'ibed hy Jatiss(Mis in Trittm. 
The chromatin-masses (T)Ioos’) from whic^h the spireme-threads 
unravel are here of irregular shape, and show no pularization. Init 
are nevertheless believed to l)e directly Tra((ad>h‘ lo the preceding 
tclopljase-chromosomes. The threads ari' ahvady in evidence in 
the latter, and sometimes show an irregularly spiral course 
(Janssens’s fig. SO) but in the later stages luv irregularly eonvo- 
luted in a manner very similar, as fai' as ean Ix' judgeil from ihv 
figures, to that seen in the pre-synaptic stag(‘s of tla^ grasshopjaa-s. 
Janssens, emphasizes his belief that in gca.eral a singlt^ thread is 
formed from each 'block/ though in certain cases tin* hitiiu’ are 
double and give rise to two tlireads. An essentially similar proc- 
ess is described for the pre-synaptic st agi's. ■' La pnaniere t rans- 
forihation qifon observe dans les auxoeytes est aiialogiK' a eelle 
qui annonce le commencement de la division dans h's spruanato- 
gonies . ... et eonsiste (-n un resolution des liloes d(' 

nucleine’^ (^01, p. 68). An essentially similar ])henojn(‘non in 
the spermatogonial prophases is brilliantly dcmonstrati'd in two 
admirable slides of Phyrnotettix by iMeC’lung, oik' Htaiinal with 
iron haematoxylin, the other by Flemming's trijile nii'llnal. In 
thisTorm the 'chromatin blocks’ are elongate and polarized (fig. 
93, photos. 29 to 31), and the thread later forms a beautiful an<l 
very definite spiral, as was first described by Piniuw ((IS). This 
observer describes the spiral threads as formed separately within 
the vesicles or sacculations to which the prec-eding anai)has('- 
chromosomes give rise (as first made known by Sutton J)(), in 
Brachystola and confirmed by several others snbserpientlv). 

As far as can be judged from the figures and brief description of 
Pimiey, the threads are formed as rather loose and open spirals 
directly out of a fine reticulum within each chromosonu'-A Csicka 
The rather limited material at my disposition shows somewliat 
different conditions, though confirming the main point. The con- 
ditions in McClung’s slides differ from those described by Pinney 
in that none of the resting nuclei or early prophases show the 
nuclear sacculations so distinctly, nor is the chromatin so diffuse 
differences which may well be due to the fact that none of the 
earlier generations of spermatogonia are shown. In these nuclei 
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the thread-formation is preceded by a stage in which the chivj- 
mosomCs appear in the form of deeply staining, elongated, aiih 
more or less definitely polarized bodies (fig. 93, photo. 29), ragged 
iii contour and loose in texture, but showing as yet no definite 
coiled thread. This condition must shortly precede the thread- 
formation because the latter may clearly be seen in other nuclei 
in the same cysts. Whether these bodies are individually derivcil 
from the anaphase-chromosomes of the preceding anaphase can 
not here ho, determined, but Miss Finney’s observations make it 
highly probable that such is the case. In any case, already iii 
‘the early pro])hases each of these masses is seen to be resolving 
itself into a closely coiled or convoluted thread, similar to that 
seen in the pre-synaptic stages Ixit disposed in more definitely 
spiral fashion (figs. 94 to 96, photos. 30 to 32). In some cases 
there are indications that each of these spirals is still enclosed in 
a more or less separate nuclear sacculation, in other c^ses this 
can not be seen: In some cysts the threads are seen tightly 
coiled within the massive bodies at one side of the cyst, while 
stages of Luicoiling are seen progressively towards the opposite 
side. In slightly later stages all gradations are seen in the uncoil- 
ing of the threads to form separate threads, which still slAw a 
distinct spiral course even after they have begun to shorten and 
thicken (fig. 96, photo. 32). From this stage it is easy to trace 
every step up to the time when the prophase-chromosomes are 
about to enter the metaphase. The longitudinal division is not 
evident until the uncoiling is well advanced, and the two halves 
remain in close apposition until the metaphase. 

The points that I would here emphasize are : 

1. The extreme clearness with which the spiral threads are 
seen, which remo^^es every possible doubt as to what is taking 
place. 

2. The fact that the threads are separate from the time of 
their first formation. Apparently there can be no question here 
of a continuous spireme. 

3. The transitional conditions seen in the same cysts, which 
prove these stages to be prophases, not telophases. In this re- 
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-pect the phenomenon is different from that di^coveied by Ihm- 
nevie (’08, ’ll) in Ascaris and Allium, where the spiral thread is 
formed in the telophase-chromosomes and tmeoih to form' the 
thread-work of the resting nucleus. 

4. ' The certainty tha| the spimls are single, m.i ,i„„|)ie. i.,.. 
do not consist of two interlacing spirals, as htis recimtl.e been d(>- 
scribed in the telophase-chromosomes of Tryxalis Ity Binnelli 
( lO), and- in the final anaphase-chromosomes of Amphibia by 
Schneider (’ll) and Dehorne ('ll). 

5. The .strong evidence Unis afforded that t»u]y oju' thread 
arises from each chroniatin-inass. 

There can be no doubt that the process here so (dearly dciiioi)- 
strated is of the same general natun^ as that seen in tlie piv-syiiap- 
tic nuclei of these animals and of the Hemiptora. I therefoin 
consider it aj: least probable that in the latter case also a siim](> 
thread k formed from each chromatin-niass and heiKa* that thr 
number of pre-synaptic leptoiene-lhrearh is eqiwl lo (hr 
number of chromosomea. ■ 

Resume of Stages a to c. The close parallel that exists Ixu wetai 
the ^re-syiiaptic stages of the Hemijitera. Odonatata and Orthoj)- 
tera IS obvious. * In all these forms the pre-synaptic chromosonu's 
first appear in the form of massive ‘prochromosome'-iiko bodies, 
approximately of the diploid number, of which om' i.Vi oi- two 
(X and F) are already recognizable as the sex-chroinosona's In- 
their more compact structure, regular contour, and decjnstaiiiing 
({uality. Each autosome is converted into a tightly coiled or 
convoluted thread which ultimately unravels to form a lopto- 
terie-thread of the stage which immediately precedes synapsis. 
This process is clearly analogous to that seen in the siiennalo- 
gonial prophases, and in each case the evidence is that a single 
thread arises from each massive body. The ])re-sy]iapii(' h^pto- 
tene-threads are thus seen to be of th^ same nature, and pi’ohahly 
of the same number, as the spermatogonial prophase-tlireads, 
and are therefore to be regarded as forming a diploid gi'ou}> of 
chromosomes. The sex-chronio.somes, on the other ])an(L ])er- 
sist in the massive form to constitute ‘ chromosome-inu'leoli,’ 
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which may be traced into and through the growth-periods.*^ 
It is however very doubtful whether the massive bodies of Stage 
b can actually be traced individually back to the anaphase-chro- 
rnosomes of the preceding division, though this may be possible in 
some forms. 

Stage d. The leptotene-miclei. ii is impossiole to draw any 
definite line of dernarkation between this stage and the preceding 
one, since they are connected by insensible gradations. An excel- 
lent idea of these stages is given by Miss Hedge’s careful drawings 
ffigs. ,56 to 59; cf, photos. 7, 8). In the earlier nuclei the threads 
still have a more or less spiral or wavy^ course, and still show dis- 
fijict evidonce of dumping together in masses. A little later both 
these appearances are lost, and the threads form an evenly dif- 
fused, delicate spireme, always separated from the nuclear wall 
by a considerable clear space. Still later the threads befcome 
somewhat thicker, more open in arrangement, and stain a little 
more deeply (figs. 58, 59, 78 a, 73 b, 78 to 80). 

These nuclei are now ready to enter the synaptic or synizesis 
-itage, whicll immediately follows. They show essentially the 
>ame characters in Oncopeltus, T.ygaeus, Largus, and many other 
flemiptera; but their composition is difficult to analyze precisely. 
It is certain that the spireme is not continuous at this stage, for 
free ends of the threads are readily seen ; but the number of threads 
am not be determined. In general they show no trace of polariza- 
tion, though in Lygaeus traces of such an arrangement are some- 
times visible. Whether the threads branch or not is a very diffi- 
mlf qiiestioTi. At first sight they give the impression that they 
io branch; and in my fouidh ^Stiidy’ (on Pyrrhocoris) I described 
:hem in fact as forming a net -like structuie in which traces of a 
jpiremC'likc arrangement ma}^ sometimes be seen.” The more 
carefully one studies these nuclei, however, the more doubtful 
:his becomes. Certainly t^e threads may often be followed 

® The mitotic truuyforrnation. of the massive bodies is not however diagnostic 
)f the autosomes. for in some of the Orthoptera, as McClung and his successors 
lave shown, the .Y-chroinosoiuo is also converted into a closely convoluted thread 
it a later period. I have some reason to sus])e(.'t that the Y- chromosome of Largus 
nay also consist of .a very tightly convoluted thread in the earlier stages; but there 
s never any sign of its UTicoiling, and in the later stages it appears homogcneoiu'. 



STUDIES ON CHROMOSOMES 


individually for a considerable distance witliout branehin.r- .uid it 
it my belief, after prolonged study, that the thremls'di, 
really branch or form a network, though such an appearance 
i-,iften given by fine strands of ‘linin' (pcrha|)s coagulated unclear 
s;i|)) connected with the threads. 

A point to be emphasized is that these threads do mii slmw the 
least sign of longitudinal division, and in this resperl ofier a 
marked contrast to the longitudinally double threads seen in the 
post -synaptic stages. 

As Stage c passes into Stage d, the contrast between tlie sox- 
chromosomes and the others beroines still nioi-e pronoiiinaab In 
Oncopeltus the former often become iieaity splieroidal iu sliape. 
and stain so intensely as to appear exactly like (‘hromatic iiuckMili. 
Ill Lygaeus they stain with equal intensity, but still retain more 
or less of a rod-like form, particularly in case of the A^-cliromo- 
soine. In'Largus‘(as in Pyrrhocoris) the unpaired X-ehromosoim' 
becomes as a rule spheroidal In all these forms tlie sex-clirorno- 
soines always occupy a peripheral position with res])cct to the mass 
of chrornatin-threads, sometimes in the clear space outside tlu^ 


Utter, more often embedded in its jieriphci-ai zone. A very 
striking fact (to which I formerly called attention in case of ]\r- 
rhocoris) is that the sex-chromosomes in these stages are always 
separated from the threads by a vacuole-like space. I bis is m()st 
conspicuous in Largus (figs. 78 to 80) where the ^'acuole is unusu- 
ally large and clearly defined; but it also appears iu the otlna- 
forms when seen in the right position. No definite wall to the 
Viicuole can be seen, but the chromatin-threads an' often seefi 
encircling its outer limit, as if lying upon a definite substratum, 
Ihis fact is interesting as indicating that the sex-chromosomes 
really lie in separate compartments or chambers of tlu' nucleus, 
even though their w^alls can not be seen. Is this, conceivably. 


true of other chromosomes, and may this possibly be tli(' basis of 
the genetic continuity of chromosomes in general.^ 



376 


EDMUND B. WILSON 


3, Stage e. The synaptic period.- Synizesis 

We now approach a problem that I have thus far found insolij. 
ble in these animals, and which will therefore be considered Vf i v 
briefly.' This involves the changes by which the leptotene-mu‘](M 
pass into the pachytene stage, which here begins with the contnic- 
tion-figure, or synizesis. This stage is initiated by a rapid thick- 
ening of the threads, accompanied by an increase in staininjr 
capacity and a further contraction of the mass which theyfona. 
A very good idea of this stage may be obtained from fig. 60, whieli 
is carefully studied in every detail. As this figure shows, iho 
synaptic knot distinctly show.s two kinds of threads, thick and 
thin, closely convoluted, but showijig no definite polarization or 
other visible arrangement in loops. The results shows that Ww 
process of synapsis must be in progress at this time, but the clos- 
est study has thus far failed to reveal the true relation of the 
thick threads to the thin, and I doubt the practicability of deter- 
mining precisely what is taking place. In these Hemiptera, 
as Digby has recently remarked of Galtonia, ^‘synapsis faces one 
as an impenetrable M^all” (TO, p. 739). A little later the synaptic 
knot undergoes still futher contraction (fig. 61) and is till n| 3 re 
diffieiilt to analyze; but in favorable cases it may be seen to con- 
sist of thick threads, closely convoluted, and still showing no 
trace of polarization. This stage evidently corresponds to the 
early pachytene of other forms ; but the | bouquet’ figure, so char- 
acteristic of many animals, seems to be entirely wanting- here, 
imd I have found no indication of it in any of the Hemiptera. 

Of one hundred nuclei of this stage in Oiicopeltus, taken at 
random, seventy-five showed and entirely separate, some- 
times on opposite sides of the synaptic knot, while in twenty-five 
cases they lay side by side, just in contact. iNot one of these 
nuclei has Iieen found after a search of many hundreds, in which 
these chromosomes were fused, or even flattened together. In 
Lygaeus, on the other hand, there is a stronger tendency for these 
chromosomes to come together at this time, one hundred nuclei 
showing them separate in forty-five cases and in contact in fifty- 
fi\T. In the latter case they are often pressed together to form 
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an uasymmetrical dumb-bell shaped body (photo. 12) but are 
nev^er fused to form a single body. In tliiii y~six of the foregoing 
fiftV'five cases in Lygaeus, .Y and were' attaelo’d eiul io end 
(photos. 12, 13), in seventeen side by side (])hoto. 13) 

There is a good deal of variation in the (h'gire of (“ontraetion, 
even in cells of the same cyst; and tiiis may b(‘ due in part tt> dilha- 
ences of response to the fixing agent. That the eontrjielion t’gure 
ran not be regarded as an artifact, hi)we\'ei', is ]) 1 'o\ (m 1 by tlie 
fact (which I briefly described in my fourth ‘^?tudy ' ) that in some 
Hemiptera it may be readily seen in the living ceils, as has also 
been shown by other observers. Gates (’OS) luis suggested, in 
case of certain plants, that the synizesis is not pioducvd by a 
contraction of thj chromatin-mass but by eiilargc'iiamt of the 
nucleus due to rapid accumulation of liquid about tlu' chronnirm. 
Buch a view can hardly apply to these insects, I think, tliongli 
studies of the living material would give a nior(' trustworthy 
result than those upon sections. 

The synaptic knot often lies excentrically in tlu' clear s))act‘. 
Just outside it, or embedded in its periplu'jy li(‘ tlu' sex-chromo- 
somes, still surrounded in Jriaiiy cases by theVacuohs tliough tliis 
is^pow less evident. They retain the same appearauc(‘ as in the 
preceding stage, except that in Lygaeus they ai’c somewhat shorten’ 
than before. In none of these Hemiptera docs either sex-chronio- 
soine elongate, or show any definite relation to the nuchnir i)ol(' 
at' this stage. In this respect these animals differ marke'dly from 
some of the Orthoptera, where the Y-chromo.some l^ecomes (don- 
gatedand takes part in the general polarization of the elnomatin 
in the 'boiiqueG stage. There is no evidence of a giving oil of 
material from this chromosome or from the nucleus at ihis time.’^ 

If.. Stages f and g 

Stage /. The post-synaptic spireme. Tachjjtene and diptolrne. 

, In the stage immediately following synizesis th(‘ clu’Dinaiin- 
threads quickly spread apart thiough the nuclear cavity, and are 

» Cf. Moore and Robinson (’04) and IVIor.se (’00) on tiic eoekroacli, Ruebner ( 00) 
on Gryltus. 
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now very clearly ^een to be separate, constituting a segmented 
spireme. All the threads still stain deeply and are very munh 
thicker than in the leptotene-stage; hence these nuclei may be 
called the pachytene-nuclei. In the earlier part of this stage it 
is uncertain whether the threads are longitudinally split or not; 
in many cases the closest study fails to reveal such a split in sec- 
tions (figs. 62, 63), though in smears (fig, 65, photo. 10) the split 
is very clearly seen in nuclei that seem to belong to this period. 
In the later part of this period the threads become still thicker 
and shorter and very often show a conspicuous longitudinal cleft. 
This is less readily seen in Oncopeltus and Lygaeus (figs. 64, 83, 
84) in which, indeed, the threads sometimes do not show a trace 
of such a cleft at this time (which I attribute to defective fixa- 
tion) . In Largus, on the other hand, the cleft appears in the most 
conspicuous way, especially in sections fixed with Hermann's 
fluid (figs. 81, 82), where the threads are often seen to consist of 
double rows of granules often showing a distinctly paired arrange- 
ment. 

In Oncopeltus and Largus the sex-chromosomes are at this time 
hardly changed, still having the form of undivided, rounded chro- 
mosome-nucleoli. In Lygaeus, the F-chromosome is still of l^is 
type, but" the X-chromosome (usually near the nuclear membrane) 
is now very clearly split lengthwise (fig. 84), in which condition it 
persists from this time throughout the whole growth-period. The 
plasmasome is considerably larger than before although not yet 
at its maximum size. * 

The number of chromosomes (separate chromatin-masses) is 
now obviously approximately half that of the diploid groups. In 
Oncopeltus and Lygaeus this can be determined only approxi- 
mately; but it is certain that the number is not far from the 
reduced or haploid number— that is to say, there are in Oncopel- 
tus, in addition to the two chromosome-nucleoli, about seven 
separate diplot ene-threads, in Lygaeus about six. In J.argus 
cinctus (where the spermatogonial number is eleven) nuclei may ' 
readily be found in which tfie number of double threads may be 
exactly counted. Such nuclei show, in addition to the single 
chromosomc-nucleolus, five (Jouble threads (figs. 81, 82) of which 
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one is much longer than any of the others and evidently corre- 
sponds to the large pair of chromosomes that area eoustaut feature 
of the diploid groups in this species (photos. 33, 34) . From these 
facts it is clear that each of the double threads is a bivalent . which 
corresponds to a pair of spermatogonial chromosomes, and that 
synapsis must have taken place during the period of amlracdoiuv' 
synizesis, as many other observers have concluded in l>oth ani- 
mals and plants.^^ In what manner synapsis tak(\s placcu and 
whether the longitudinal halves of the di]hoteiie-t!ireads re[)resent 
the original conjugants in side by side union are (pavstioiis that 
here present very great practical ddliculties to direct obseia aliom 

Stage g. The diffuse or cojifused period. The di])lot(MU“-nu(*lei 
now undergo a remarkable transformation, characteristic of many 
Hemiptera, in the course of which the double thivads as such 
completely disappear from view, giving rise to a diffuse, lightly 
staining net-like stage in which the boundaries of the individual 
bivalents arc indistinguishable (figs, (it), 07, 97, ])hotos. 11, 14, 
16). In Oncopeltus and Lygaeiis I have found it impo.ssihk^ to 
arrive at any clear notion as to the exact nature of this transfor- 
mation. In Hermann preparations of Largiis all the transitional 
st|ges arc shown with great apparent clearness, yet even here it is 
difficult to reach a certain result. This question -one of tin' most 
important involved in the maturation-process— will, I beliinuy 
repay careful study in smear-preparations, which I ho]:ic to under- 
take hereafter with more adequate material than I iiav(' at 
present. 

As the process begins, the threads become less regular and at . 
the same time longer and thinner, while the longitudinal cleft is 
still more evident. A little later the two halves of the double 
threads become more or less contorted, more granular and irr(‘gu- 
lar in structure, and at the same time are often s('en to be separat- 
ing in an irregular way (figs. 101-103). By the continuation of 
this change the double threads as such disappear from view, 
and the whole nucleus is traversed by rather thin, irregular, con- 

In Syroraastes Gross (’04) believed that the somatic or diploid iminbcr ol 
ci'iuble threads could he counted in the poi^t-synizesis stages, ami that synapsis 
took place at a later period. 



380 


EDMUND B. WILSON 


torted, more or Ifss interrupted granular threads, which often 
seem to branch more or less. These nuclei show a certain reseiu- 
blance to the pre-synaptic leptotene-nuclei of Stage d; but both 
their position in the testis and their structure render a confusioji 
between these stages impossible. When the process is completed 
the threads are greatly diminished in staiuing-capacity, seem to 
branch more freely, and in Oncopeltus and Lygaeus often givf* 
almost the appearancp of a network with thickened nodes (figs. 
66, 67, 97). In Largus, however, the threads remain more iii 
evidence, and the nuclei do not so nearly approach the ‘resting' 
condition (fig. 104). 

At the height of this stage it is, I believe, quite impossible to 
dislinguish the individual chromosomes (bivalents) or to analyze 
exactly the composition of the nuclei. I nevertheless incline to 
the conclusion that the autosomes do not actually lose their 
identity at this time. The plienoniena which follow in Stage /?, 
especially as shown in Pro tenor, give considerable reason to con- 
clude that the prophase-figurcs arc already formed in the difiuse 
stage but are lost to view by their intricate extension, contortion 
and interlacing. In Euschistus, as recently described by Mont- 
gomery (Tl), the confused period is much less marked; and this 
observer believes that the bivalents may be individually recog- 
nized at every period. In Tomopteris and Batracoseps the con- 
fused period is entirely omitted. 

In the condition described the nuclei remain throughout tho 
greater part of the growth-period. In Oncopeltus the sex-chro- 
mosomes remain always spheroidal or ovoidal (photos. 11, Ifi) 
and apparently undivided. In Lygaeus both sex-chromosomes 
(of which a more detailed account is giv^n at p. 384) are rod-like 
and longitudinally split (photos. 13 to 16). In Largus the X-chro- 
mosome is splieroidal but often shows a small but very distinct 
central cavity. In all these forms the plasm asome is conspicuous 
throughout, and attains its greatest size in this stage. In Ouco- 
peltus and Lygaeus the chromatin undergoes no contraction dur- 
ing this period. In Largus, on the other hand (as in Pyrrhocoris. 
Alydus and some others) the latter part of this period is charac- 
terized by a very marked second contraction-figure or synizesis. 
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forming a spheroidal and rather dense mass separated from the 
nuclear wall by a considerable clear space (of. Gross’s figures of 
this stage in Pyrrhocoris, '07). 

5, Stages h to j. The pvophnses 

a. The hivalents. At the end of the diffuse period tlu^ luiolei 
undergo a rapid change which marks the appeanmee of tlu^ defini- 
tive prophase-chromoaomcs. This is accoinpanicHl by a progivs- 
sive condensation and increase of staining capacity, winch readies 
a climax in the final prophases, and by the disap]i{'aranc(‘ of the 
plasmasome. These changes may be studied to betl('r a(fvanta,g(‘ 
in smears than' in sections, and is better shown in my mati'rial 
of Protenor than in the other forms. As seen in s(a‘tions, the 
initial stage (figs. 105, 106) shows the nuclear tlireaOs more dis- 
tinct, less crowded and straighter, ofteii giving an atipearance 
somewhat similar to the beginning of Stage g, but (he bi\al(m1s 
are not yet defined. In smears of Protenor (figs. 115 to 117) it 
is clearly apparent that the threads are sejiarate, single (i.e., not 
longitudinally split) and much contorted. Alitth^ later the Ihivads 
are seen to be forming themselves into the characteristie bivahuit 
figures, still in a very diffuse and irregular foian, but plainly show- 
ing their individual boundaries, and in some cases also tli(‘ir diar- 
acteristic forms (figs. 107, 108, 118, 119, photo. 17). In IVo- 
teaor the m-chromosoines are first clearly seen at this tirin' hut 
are much less definite in contour than in the following stag(\ As 
the condensation proceeds the bivalents become jiion' definite 
in shape and can be more readily analyzed. In Htag(‘ i (figs. 
109-14, photos. 18 to 23) they have the forms which have been 
familiar to us since the early work of Paulmier ('98, ’99) on tlu^ 
Ilcmiptera. The most characteristic of thes(‘ is (1) th(' double 
cross, consisting of four arms, at right angles to each other, and 
longitudinally split. The four arms may be equal in length. 
Alore commonly one pair is shorter than the other. In the later 
stages the four arms typically lie in the same plane'. In earlier 
ones they are often curved ; and the two longer arms ma}' b(‘ curved 
towards each other until they nearly meet to form a ring. (2) 
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In some cases the two arms actually meet, uniting to form a 
closed ring, of the type first made known by Paulmier (’98) and 
often observed since, both in insects and in other animals, such as 
Tomopteris, or the grasshoppers; but this type is much rarer in 
Oncopeltus and Lygaeus than in some other species. (3) The 
third type is that of the tetrad-rod, which consists of a straight rod., 
which shows both a longitudinal split and a transverse median 
suture. These forms .are readily dcducible from the double cross 
by reduction and final disappearance of the lateral arms, the posi- 
tion of which is now indicated by the transverse suture. As will 
be shown hereafter (especially in the case of Protenor) the double 
crosses undergo in their later stages precisely this change; but the 
evidence indicates that some of the tetrad-rods never pass through 
the double cross stage. (4) The fourth type is the double- 
best described as a P-shaped figure that is longitudinally split in 
the plane of the two branches, from the apex of the V towards the 
free ends, accompanied by a greater or less degree of separation 
of the two halves thus produced. Figures of this type are espe- 
cially common in the earlier stages (fig. 108, photos. 17, 18) and may 
be recognized soon after the beginning of Stage h in a much more 
elongate form, as shown in fig. 107, photos. 17 (from a smear- 
preparation). Tn the final prophases (Stage j) all the bivalents 
finally condense to form dumb-bell figures, though the double 
crosses (now much condensed, and often more or less opened out 
in a ring form) may sometimes still be distinguished in the early 
metaphases. * In the course of this process the lateral arms of the 
crosses sooner or later disappear, and a cross constriction appears 
at the points where they have been. These conditions will be 
more fully considered later in the case of Protenor. 

Owing to the uficertaiiity regarding synapsis and the impossibil- 
ity of tracing the bivalents individually through the confused 
period, it is not possible to offer.more than a somewhat conjectural 
interpretation of the origin and relationships one to another of 
these various forms. Paulmier, McClung and other earlier stu- 
dents of the insects assumed the primary type to be a tetrad-rod, 
representing two univalent chromosoines, united end to end, and 
longitudinally split. From this type the double cross was assumed 
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to arise by a drawing out of the central region of oacli longitudinal 
half from the synaptic point to form the lateral arms' of tlio cross. 
The ring-form ‘was supposed to arise by a secondary btniding 
around of the two principal arms until tlio free inuls united; the 
]'-forms by a sharp flexure of the bivalent at tlie synaptic ))oint 
(of. P^ulmier, ’98, ’99). On the whole. hoAve\'er, it seems lo me 
that the evidence points more strongly to the opi)osite interpre- 
tation, first clearly worked out by the Schreiners (’00) for (ht‘ 
closely similar figures seen in Tomopteris. .Vccording to this, 
the original condition is that of two parallel threads or reds, m 
parasynaptic association, each of which sooner or later undergoes 
longitudinal fission. The rings are desci-ibc'd as arising by a.n 
opening apart of the two rods along their middle jmrtitms while 
remaining attached by both ends; the h’s by an op(‘ning apart 
from one end, while remaining attached at the other; and from 
the latter, by complete opening out of the two lim])s until they 
are in a straight line, arise the tetrad-rods. From the latter the 
crosses are readily derived by drawing out of the lateral arms in the 
manner assumed by Paulmier. 

Though all this is somewhat hypothetical as a])])lied to thes(‘. 
insects, I consider it the more prubabh^ view for several n'asons. 
The first of these is the evidence that the lateral halvc's of th(‘ dip- 
lotene-threads begin to separate already at th(‘ end of Stage / 
as the nuclei are passing into the confused stage, aiid t lu^ eornhit ed 
fact that in the initial prophases the bivalents are s(*(m drawing 
^together out of more or less widely separated single tl)r('ads. A 
second is the prevalence of the double 1' -figures in th(i c'arly pro- 
phases, and their gradual disappearance as the prophases advance'. 
It is evident that these F-figures are opening apart in th(;sr‘ stage's, 
not closing up. Elongated F’s with their limbs oftcui nearly 
parallel (figs. 107, 108, photo. 17) are commonly seen in smear- 
preparations of these stages, and in slightly later ones all inter- 
mediate stages connect them with the tetrad-rods or doubh' 
crosses (figs. 109 to 114, photo. 18). These facts are quite inde- 
pendent of any particular conception of synapsis, but they seem 
to fit best with the view that the original type is a longitudinally 
double rod following parasynapsis, as maintained by tlic Schrei- 
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ncrs. This view receives strong support from Montgomery’s 
recent paper on Euschistus, in which all stages of such opening 
out are shown, and in which the process of parasynaptic union 
is described in detail. It may be pointed out that the accurate 
figures of Sutton ('02) from smear-preparations of Brachystola, 
are entirely in accordance with such an interpretation, ^ has 
been also indicated by Gregoire (TO). I nevertheless adopt thi^s 
conclusion only in a provisional way, as it is still based to large 
extent upon indirect evidence much of which is not inconsistent 
with the earlier and opposite conception of Paulmier. 

The facts that have been described, especially as seen in Pro- 
tenor, point very definitely to the conclusion that the initial stages 
of the formation of the bivalents are passed through with as the 
nuclei pass into the confused stage, and that they’ do not really 
lose their identity in this stage but are only lost to view by their 
looseness of structure, great extension, and intricate entangle- 
ment. This intere.sting question will repay more adequate 
study; for if my conclusion be correct it may help us to solve the 
difficult problem of the disentanglement of the leptotene-loops 
in the synaptic process of such forms as Tomopteris and Batra- 
coseps (cf. p. 407). 

h. The sex-chromosomes. The history of the sex-chromosomes 
during these stages is very easily followed throughout, particu- 
larly in smear-preparations, and affords a complete demonstra- 
tion of their identity with the chromatic ' nucleoli' of the growth- 
period. In Stage h these chromosomes almost^ always lie close 
against the nuclear wall, and in Lygaeus still show but little change* 
both retaining the form of short longitudinally split rods. In 
Oncopeltus they show a marked change, being now more or les.s 
elongated into a rod-like form, often a little irregular in shape, aiul 
now for the first time plainly longiiudinalljj split (figs. 105, 106). 
In Stage i they are regular, short, compact longitudinally divided 
rods, essentially like those of Lygaeus save for their nearly equal 
size. This may be studied to best advantage in smear-prepara- 
tions, where the composition of the chromosome-groups may be 
completely analyzed. In such preparations the total number of 
chromosomes in Oncopeltus is nine, including seven bivalents 
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iind the two univalent sex-chromosomes. The later may at once 
be recognized by (1) their smaller size, (2) more compact texture, 
and (SJ simple, rod-like form and longitudinal split (figs., lOS to 
110, photos. 20 to 23). In both sections and smears all grada- 
ficns are seen between these nuclei and those of tlie growtli-period 
which remove all doubt as to the identity of these eliromosomes 
with the chromatic ^ nucleoli^ of the latter. On tlie other hand, 
it is easy to trace these chromosomes step by step through the 
later prophases into the two small chromosomes of tlie first divi- 
sion. In these stages the double rods are .seen progrt'ssively 
shortening until they assume the dumb-bell shape in whicli tlu'y 
euter the spindle (figs. 112-114). It is clear from the transi- 
tional stages that the transverse constriction of tlie dumb-lx'll 
corresponds to the original longitudinal split of the rod befon^ its 
shortening, while the long axis of the dumb-bell r(‘pr('s(mts tb(‘ 
original transverse axis of the rod. The apparent Transv(‘rs(‘’ 
division of the dumb-bell is therefore in reality a longitudinal 
division. 

We may with advantage consider at this point sonu‘ very intcu- 
esting features presented by the Z-cliromosome in Jvygaeiis bieru- 
cis”^^ especially during the stages preceding th(' propha.s('s. In th(' 
earlkst stage (a) this chromosome is an elongate, almost vermi- 
form body, which appears homogeneous in struetun' (figs, fit), 
70). In Stages h to d (figs. 71 to 73) it is shorter and tliieker, 
and still usually appears homogeneous, thougli in much ('xtraef(>d 
preparations of Stage c it may appear longitudinally divided. In 
Stage c (synizesis) it is considerably shorter and shows no sign of 
division (photo. 12), In Stage/ it is again more elongati'd and 
unmistakably split lengthwise (photos. 13 to 15), and in this eom 
ditioa persists throughout the whole growdh-period, gradually 
shortening in the prophases until it assumes a duml)-b(dl shajie. 
(piitc as in Oncopeltus (photo. 25). 

^ At every period from the post-synaptic spirenK' onwards many 
eases may be found in which the double rod appiuirs nrailyor 
quite homogeneous (figs. 84, 98, 90, 100 u, h \ photos. 14, lo). but 

" This account applies only to this species. The facts in L. tiircicus are very 
different, as already mentioned (see Wilson, '05 b, 06). 
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in many other cases it very clearly snows a double series of vai> 
cositics that are accurately paired in the two longitudinal halves, 
as if ‘the rod originally consisted of a series of large granules or 
segments that afterwards underwent longitudinal fission. Some 
of the various forms that appear are represented in fig. 100. 
Of these forms ohe is far more frequent than any of the others- . 
that .which shows three pairs of segments (100 d), which intho 
best cases- are very sharply marked, in others less distinct though 
evident, in others barely perceptible. In some cases (usually 
more elongate forms), four segments are apparent (fig. 100, c), 
but no case has been seen with more than four. In a few cases, 
where the rod seems to be shorter, less than three segments appear, 
and an almost quadripartite form results (fig. 100 c). Some of 
these cases arc obviously due to a sharp curvature of the rod, so 
that in foreshortened view only the end segments are seen; but 
I have seen a few cases in which the rod seems to have simply 
shortened and two pairs of the segments seem to have fused to- • 
gether. In fig. 100/ the rod seems to show six segments (the only 
such case seen) ; but it is nearly certain that this represents the 
X- and y-chromosomes lying end to end, as a separate F-chro- 
mosome can not be found elsewhere in the nucleus. This case, 
as well as others where F is separate, indicates that the F-ehro- 
mosome also may consist of segments, but not more than two 
such have been seen in any case. Figs. 100, o' and h, show two 
isolated F-chromosomes of the homogeneous type. 

It seems to me hardly possible that this striking appearance is 
'an accidental artifact, first because of the frequency of the tri- 
segmental type, and second because of the correspondence of the 
segments of the two halves in each double rod, which is often 
rendered more striking by a decided inequality of the segments 
(well shown in fig. 100/) in each half. All such cases that I have 
seen show the segments accurately paired. For these reasons I 
believe the segmented structure to be comparable to the linear 
arrangement of ‘chromatin-granules’ so often described in the 
spir'eme-threads of the ordinary chromosomes, and to be an expres- 
sion of some kind of internal structure in the X-chromoSomes. 
These facts may be added to the evidence reviewed in .my preced- 
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ing 'Study’ (’ll a) that the .Y^chroinosonio {\\kQ other ehromo 
sornes) is a compound body. They help us to understand liow an 
Y-chi*mosome that is originally single uuiv break uji into two 
or more components that behave as separate ehroinosonies in the 
diploid groups but become associated in a eoliereiit grou}) rA'- 
eleinent’) at the maturation-period .(Payn(‘, 'op, A\'ils{m 'll 
Edwards, ’10), and provide a still more definite basis for thg eon’ 
clusion that this chromosome may be the bearer of many otluu- 
factors than the one for sex (Wilson, ’ll, iMorgan, ' 1 1 , ( hil ick ’ll) 
The bearing of this on sex-limited heredity is ob\uous. 

It is a very important fact that at }U) Umf in llwir hi.iory do (hf 
individMal sex-ehromosomes in these Ilemiptera exhibit a eross- 
form or tetrad structure comparable to that udiich is so dfaradcri.div 
of the bivalents. Such a tetrad structure only uppouvs when tlu‘ 
two sex-chromosomes are united to form a bivalent as is s('(mi 
for instance in Brochymena or Xezara (Wilson, '05 b, Tl a). 
The only apparent exception to this is the A^-eliromosome in' 
Lygaeus, as already mentioned; but this exception is ('vidcmtly 
only apparent. The essentially bipartite structure of those elu*<H 
mosomes is a significant fact that is obviously correlaled with 
their univalent nature, and with their aiiproacliiiig single divi- 
sion in the course of the two spermatocyte-divisions.* The wndor 
implications of this will be considered in Part TIT, m coiiiu'ctioii 
with the facts seen in Pro tenor. 

6, Coinparative considerations regardimj the maturation- period 

A comparison of the growth-period in those Hemiptera with tlie 
conditions seen in such forms as Tomopteris or Batracoseps shows 
some striking, though I think secondary points of difference. 

In the first place, the formation of compact, massive bodies 
from which the leptotene-threads unravel in the prosynaptic 
period, which is so characteristic of tliese insects, seems not to 
take place in Batracoseps and some other forms; though, as will 
be indicated beyond, the Schreiners have found indications of an 
analogous process in Tomopteris. 

Secondly, the polarized amphitene, or ‘ bouquet-stage,’ that is 
characteristic of T’omopteris, Batracoseps and other forms, seems 
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to be entirely wanting in these insects, where in its place we find 
the closely convoluted and apparently non-polarized synaptic 
knot or synizesis. The controversy as to whether the latt«* is an 
artifact, due to the coagulating effect of the reagents, seems 1o 
be terminated by the fact, determined by Sargant (’97), Overton 
('05), Bcrghs (’04), Oettinger (’09), and myself (’09 a, ’09 b) 
that the synizesis may be clearly seen in the fresh (living?) mate- 
rial immediately after gentle teasing apart of the cells in a* nor- 
mal fluid (Ringer’s solution) in which the spermatozoa continue 
actively to swim. Neither at this stage nor in those that imme- 
diately precede or follow is there the least sign in these animal* 
of an elongation of the sex-chromosomes or of * a giving off of 
nuclear material to the protoplasm. 

Third, in Tomoptens and Batracoseps the pachytene-loops 
formed in synapsis persist as such throughout a large part of the 
growth-period, without undergoing at any period an apparent 
loss of identity in a ^diffuse’ stage such as is so characteristic of the 
Herniptera. In Batracoseps the pachytene-loops become longi- 
tudinally divided (‘diplotene’) near the end of the growth-period, 
when they give rise directly to the prophase-figures. In Tomop- 
teris the diplotene-threads are apparent at a much earlier period 
(Schreiner), but here too give rise directly to thcprophasc-figures. 
In the Herniptera here considered the diplotene is hkewise 
formed very early, but the diffuse stage is interpolated between it 
and the definitive formation of the prophase-figures, and the 
greater part of the growdh-period is passed in this condition (in 
some cases accompanied by a second contraction-figure intlie 
later period). There is, however, an analogy in this respect 
between these Herniptera and Tomopteris, where the Schreiner: 
describe and figure (’06, p. 19, figs. 31, 32) a stage following th< 
early diplotene in which the. parallel halves of the double thread: 
become longer, thinner, less regular, and spread more or less wideb 
apart, though still retaining their connection at certain points 
It is very probable that this process corresponds to that whicl 
marks the beginning of the diffuse stage, in the Herniptera, bu^ 
does not proceed so far; and that in this respect Tomopteris i: 
intermediate between these animals and the Amphibia. Perhap: 
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we may here find a clue to the inoiv extreme lorms „f .liirufi,,,, 
observed m the oogenesis of many animals and in the ordimirv 

somatic nuclei, 

As regards thcproblem of synapsis ami ivdnvtnm. thr existoinr 
of the. synizesis and diffuse stages renders tlie IliaiiipttTa v(a’v 
unfavorable objects as compared vatli T()mo},t(‘ris or botraco- 
seps, and we arc here throTO back upon analogies. J'aupliasis 
mayhowever be laid upon the essential simila.ril y of llu^ piuphasr- 
figures in Tomopteris and these insects: and if my inbapivlation 
of the diffuse stage be correct, it is ])i“ol)a])l(‘ tlial thes(' figures 
have essentially the same mode of origin from the diploti'in'- 
threads.- Following this analogy, [ provisionally assume tlu' 
latter to follow an original side by side union, or ])ara,syna})sis 
not an end to end union or telosynapsis, a,s was assunu'd bvi^iul- 
mier, Montgomery and (in Orthoptera) Mcdimg, Sutton, and 
more recently by Davis. In his latest pa.p(‘r ('ll) Montgonu>ry 
rejects his former interpretation in favor of tlu' one hem adopted. 
If the double cross-figures (orMlie tetrad-rods) aris(' in tli<‘ 
manner assumed, it is clear that their ‘transv('rs('’ di\osion is 
the last remnant of the original longitudinal ck^ft of tli(‘ diplo- 
tene-thread; and it is certain, as Paulmier first show(Ml, that this 
‘transverse’ division corresponds to the plaiu'of tlu‘ lirst spcaina- 
tocyte-division. If we accept this, and if tlu‘ original longitudi- 
^nal cleft of the diplotene corresponds to the plain' of syi^apsis, 
it follows that the first spermatocyte-divi.^ion is th(‘ ‘riM I net ion- 
division,’ as Paulmier and Montgomery (‘onehuk'd. 1 I’f'jx^at. 
however, that this conclusion is here adopted only in a. t(mtative 
way; since the case is by no means prov(nI: and, as will app('ar, 
my conception of the reduction-division diflers mab’rially from 
the one more commonly held. 

As regards the sex-chrornosome.s, on tin* ntln'r hand, all is ck^ai’. 
The observations here recorded remove every doubt. I tliink, in 

A more or les.s wide divergence of tire longitudinal l)aIvos of tin* diploleiH;- 
threads appears to be the rule among many animajs and ]:)lunts. It lias Ijcen csjMt- 
cially emphasized by Gregoirc (’04, ’10) who has called aUontion to t he si riking 
oontrast in this respect bet^x'cn the bivalent chromo.‘<oin(‘s of (lie mal uiatioiw 
period and the longitudinally split spircmc-threads of thi' somatic divisions. .Sue 
also Strasburger, ’09, pp. 9S to 100. 



390 


EDMUND B.* WILSON 


regard to the following points. First, it is certain that each of these 
chromosomes divides but once in the course of the maturation-process, 
namely, in the first division; and this division is clearly longitudinal 
and equational. The second ‘division’ of the XY-pair is obviously 
not a division at all but only the disjunction of two separate chromo- 
somes that have for a short time been in contact without loss of -their 
identity. This process is an evident and typical .reduction-divi- 
sion in the original sense. In these animals, therefore, it is quite 
certain that the ZF-pair undergoes a process of ^ post-reductioii' . 
(cf. Wilson, ^05 c). It is a remarkable fact, proved by the studies 
of Stevens, that in the Coleoptera and Diptera the ZF-pair foF 
lows the reverse order, as is also the case with the w-chromosoines 
of the coreid Hemiptera.^^ 

7. Comment on the sex-chro7no.^omes in Oncopeltus 

The extremely close correspondence between Oncopeltus and 
Lygaeus at every stage of the spermatogenesis leaves not the 
least doubt of the identity of the sex-chromosomes of the two 
forms. Apart from the size-differences of these chromosomes, 
Lygaeus differs from Oncopeltus only in (l) the retention through- 
out of a rod-like form by the Z-clv’omosome, (2) the earlier appear- 
ance of the longitudinal split in both sex-chromosomes, (3) a 
slightly more marked tendency for the sex-chromosomes to -con- 
jugate at the time of general synapsis. On the other hand, thf 
sex-chromosomes of the two forms agree in all the characteristic 
peculiarities of these chromosomes shown in the Hemiptera gener- 
ally, namely, (1) the retention of a compact and deeply staining 
character from an early pre sjmapfic period down to the sperniato- 
cyte-prophases, (2) their division as separate univalents in the 
first Spermatocyte-division, (3) their subsequent conjugation tc 
form a bivalent, which occupies a nearly central position in thf 
second spermatocyte metaphase-group, and (usually) divides ii 
advance of the other chromosomes. Tiiese facts fully establisl 

I may point out that it is inadmissible to designate as ‘m-cliromosoines’ anj 
pair of especially small chromosomes without respecyo their other characteristics 
as has been done by several writers. The ?n-chromosoines of the Coreidac are not 
always distinctly smaller than the other chromosomes, and they are characterized 
by certain very definite peculiarities of behavior. Cf. Wilson, ’05 c, ’ll a. 
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the identity of the sex-chromosomes in Oncopeltus. It may there- 
fore be taken as an established fact that a pair of sex-clu'omosomes 
may be recognizable as such even in cases where they sliow no 
perceptible difference of size, and where no constant tlitTennices 
between the diploid chromosome-groups of the two sexes can be 
seen. 

Such cases are of course fatal to the view that the mielear differ- 
ences between the sexes are reducible to one of genera! eliromatin- 
inass; and, as I have elsewhere urged, these chromosomes can 
be regarded as factors in sex-production only by assuming some 
find of difference between the substance of .Y and Y. 1 will 
not here ‘enter upon the discussion of a point that has hvon fully 
considered in several earlier papers (see especially Wilson,’ 11 a, 
'll b). I will only again express the view that the differential 
factor between X and Y may plausibly be regarded a sp(‘cili(* 
chemical substance (the X"-chroniatird) that is ciihcv confined to 
the X-chromosome or is there present in relative excess, and- in 
•respect to which the two sexes differ correspondingly. It this is 
correct, the sexual differences may be at bottom dependent upon 
a fundamental quantitative difference of metabolism, as stated 
in my first paper on this subject C05 a) . Such nuclear dilfiTonces 
between the sexes may of course exist not only in forms wIhut no 
difference of total chromatin mass is visible, but even whore no 
special /sex-chromosomes^ are differentiated. Ihe surprising 
‘thing, indeed, is that they should in some instances be express(Hi 
in, or accompanied by, visible sexual differences of the chromo- 
some-groups. 


III. CRITICAL CONSIDERATIONS ON THE ^T^t;RATION-?nLNOM- 
T7.NA BASED ON A COMPARISON OP THE HLMinERA.- 

tomopteris, batracoseps and so:\ie 

FORMS 


As has been indicated, my conclusions concerning synapsis 
and reduction in Hemiptera are largeh" tentatiAT in chaiacter. 

I nevertheless venture to make some critical comment on ic 
general problem it is mainly because of the opportiinitv I laA e a 
to reexamine these phenomena in Toniopteris and Batracoseps. 
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t. The question of syiiapsis 

The cytological problem of synapsis and reduction involves 
four principal questions; as follows: (1) Is synapsis a fact? Do tlio 
chromatin-elements actually conjugate or otherwise become asso- 
ciated two by two? (2) Admitting the fact of synapsis, are tlie 
conjugating elements chromosomes, and are they individually 
identical with those of the last diploid or pre-meiotic division*^ 
(3) Do they conjugate side by side (parasyn apsis, parasyndesis), 
end to end (telosynapsis, metasyndesis) or in both ways? (4) 
Does synapsis lead to partial or complete fusion of the conjugating 
elements to form ^ zygosomes’ or ‘ mixochromosomes/ or are they 
subsequently disjoined by a ‘reduction-di vision?’ Upon those 
questions depends our answer to a fifth and still more important 
question, namely, (5) Can the Mendelian segregation of unit- 
factors be explained by the phenomena of synapsis and reduction? 

Despite the prodigious accumulation of data regarding those 
questions the unprejudiced student of the literature finds himself 
compelled to admit that not one of them has yet received a really 
demonstrative answer— at least not one that has brought convic- 
tion to the minds of all competent cytologists. I do not propose 
to consider them exhaustively, or to give any approach to a com- 
plete review of tlie literature. This has been done by other writ- 
ers, notably by Gregoire (’05, ’10) in two extended and masterly 
memoirs, by Strasburger in a most valuable series of critical 
essays (’07,* ’08, ’09, ’10), and by Haecker (’07, ’10). (See also 
Davis, ’08, G6rard, ’09, Gates, ’ll, Montgomery, ’ll, and the 
series of papers by the Schreiners and by Janssens.) I will 
however indicate some of iJie conclusions to which I have been 
led in an effort to form an independent judgment concerning the 
facts,*especially in Tomopteris and Batracoseps, which are prob- 
ably unsurpassed as objA^ts of observation, have become classi- 
cal through the well known studies of the Schreiners (’06, ’OS) 
and of Janssens (’03, ’05), and have formed a main center of con- 
troversy in recent years. 

The conclusions of these observers (more especially those of the 
Schreiners) have been the object of repeated criticism on the part 
of Goldschmidt (’06, |08), Tick (’07, ’08), Meves (’07, ’08, Tl)? 
Haecker (’07, ’10) ancl many others. These criticisms, too well^ 
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known to call for extended review, were substaiHiall>' at one in 
contention that what had been described as a \)avM or sidewist' 
conjugation of spireme-threads during the 'boiuiiKn; ‘synap- 
teiie’ or ^amphitene' (synaptic) stage is iiothino^ than a 
modified form of longitudinal splitting, in wliieli donbk' tJin^ads. 
longitudinally divided from the beginning, are progress! vely difier- 
entiated out of the nuclear substance from one pole of llKMinehms 
towards the opposite pofe. In the course of liis abl(' critique 
Meves (’07) endeavors to break down tlie distinction Ixdwtrn 
such a process and that which is seen in the propliases of somatic 
cells, contending that in both cases the longitudinal duality is 
brought about by a biserial grouping of the chromatin-gramih's 
of the resting nucleus, and urging that the i)roeess semi in tlu^ 
a-iuphitene-nuclei is of essentially the same nature as tlumairly 
division of spireme-threads in the diploid nuclei long ago doeribial 
by Flemming. Unquestionably, this objection is wortliy of the 
most attentive consideration, especially in view of the eonernsion 
of several recent observers (considered more in detail bi'yond) 
that the longitudinal division of the spi re me-t breads is in sonu' 
cases already in evidence in the chromosomes of tlie pi'i'ctHling 
anaphases or telophases, and that the two halvc^s thus a.risii!g 
may separate more or less widely before the nuclei havi' (uiteri'd 
the ^resting’ state. For Moves there is no problem of synapsis. 
The Gordian knot is cut with the statement, ^‘Jlie ( h‘s«}il(M‘hts- 
zelleu bezw. ihre Kerne haben nacli mciuer Vorstelhmg (1907) 
die besondcre Eigenschaft ererbt, beim Pfintritt in dii^Wachstunis- 
periodc nur die halbe Zahl von Chromosomen auszubilden’’ 
(’ll, p. 296). Certainly the adoption of this simple solution 
would save a great deal of trouble; but I fear that the facts com- 
pel us to take a more roundabout way out of our dilliculties.* 
Goldschmidt and Haecker, on the other hand, do not doubt tin? 
fact of synapsis, and take issue only with the parasynaptic jih)( 1(‘ 
of conjugation. Concerning the latter Haeckcr’s latest (^xpn^s- 
sion of opinion is as follows : 

Vielmehr hat sich in mir .... die Uehi'rzeugung l^efcstigt, 
(lass der Eindruck cincr Parallclkonjugation im wesentli('h(‘n durcfi die 
teilweise Koinzidenz zweier voneinander imabhdngiger Emcheimingen 
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hervorgerufen kann, namlich erstens eines mehr zufalligen oder, bps^-r 
gesagt, sclbsverstdndlichen teilweisen Parallelismus der Faden, wie i -r 
(lurch die in cfer Synai)sisphase bestchende polare Anordnung der.Kom. 
suhstanzen bedingt wird, und zwcdtens einer verfruhten, bei den pin- 
zelnen Objektcn und Individuen je nach dem physiologischcn und Kon- 
servieru/ig.szustand bald fruher, bald spa ter, bald regel massige rau ft rc- 
tenden primareii Ldngsspaltung ('10, p. 185). 

Without citing other. zoological critics at this point, attention 
may be called to the increasing tendency now apparent among 
botanical cytologists to reject, or at least to restrict, the theory 
of parasyn apsis held by Strasburger, Allen, Berghs, Gregoire and 
a large number of other botanical “ zygotenists,' in favor of a telo- 
synaptic conception like that of Fanner and Moore (^05), itself 
essentially like that many years earlier maintained by Haeckerand 
Riinkcrt among zoologists. Among these may be mentioned 
Mottier ('07, '08), Gates ('08, ’ll), Davis (’09, 'll) and Digby 
(’10),^ These observers and others, though differing more or 
less as to the details, are in agreement on the essential point 
that in some species at least the synaptic connection of, the 
chromosomes is end to end, not side by side; and that a longitu- 
dinal duality of the spireme-threads at the synaptic period 
(synizesis, or earlier) is either absent, or if present is due either 
to an accidental parallelism or to a longitudinal splitting compara- 
ble to that seen in the diploid prophascs. These observers are 
in subst^intial agreement that the chromosomes (if persistent 
entities) are originally arranged in linear series, and united end 
to end, in a spireme-thread which Ultimately breaks apart into 
bivalent segments, each consisting of two chromosomes in para- 
synaptic union. The sidewise pairing, which undoubtedly occurs 
in some plants, is believed by hhrmer and Moore, Mottier, and 
others to result from a secondary looping of these segments, which 
takes place long after the synizesis stage. Gates, however, 
expressly adopts the view that synapsis may take place by either 
method in different species, possibly even in the same species. 

I must admit that my own faith in parasyn apsis (such as it 
was) and even in synapsis itself, was materially shaken by some 
of the criticisms and observations that ha\^e just been indicated, 
and that I took iin tlie stiidv of the Question in a distinctly scepti- 
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cal spirit.. It was only after prolonged aiui lepoated study of tlu- 
sama objects, in part of the same proparatioiis, as those of the 
‘Schreiners and of .Janssen.s, that this scepticism gave wav lo the 
belief that the conclusions of these observers (m>t to inentiou 
others) are probably well founded. I will not at this tihie pid> 
ILsh new figures or photographs of these foi-ins lof which 1 have a 
large number, particularjjr of Batraeoseps) but will li,av l■o'lllill'e 
myself to a brief statement of the main reasons why 1 do not lind 
it possible to accept the adverse criticisms that have been iudi- 
• catcd. 


There are two points that demand especial emphasis. ()uo is 
tlie complete demonstration of the seriation of the stages tlia.t is 
afforded in the testis of Batraeoseps. The regular and paimmmie 
progression of stages from the spermatogonial end of tln> tistis 
to that of the spermatids renders error on this point out of tiie 
question; and in particular, there is no possibility of eojifnsihg 
the post-synaptic with the pre-synaptic stages, or tln^ synaptic 
nuclei with those of the early prophases (pro-strepsinema) of tin' 
spermatocyte-divisions. The second point of importance is the 
essential accuracy of the figuresof the Schreinersaud of Jaiissens- 
indeed, my only criticism of those of Janssens might In* that the 
relations are often shown even more clearly in tlie preparations 
than in his figures, perhaps because the latter were in sonu' cases 
made from material not quite as perfectly fixed as the b(‘st*that has 
come under my observation. In the case of Tomopteris 1 have 
been able in a considerable number of cases to compare the figures 
of the Schreiners with the identical nuclei from which thi'y w(‘n' 
drawn. Here and there, perhaps, certain details might be some- 
what differently represented by different observers; but a study 
of very numerous cells at every stage of the spiuanatogimcsis has 
thoroughly convinced me that as a whole the figuu's of these 
authors present a faithful picture of what any observer may see 
in the preparations. The only question that can be raised seems 
.to me therefore to be a matter of interpretation. 

I think that any observer, whatever be his individual pnqxisses- 
^>ion, who will take the trouble to study these preparations thor- 
oughly, will find himself compelled to admit the following facts: 
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1. That the ‘amphitene’ stage (to employ Janssens’s appro- 
priate term fftr the synaptic nuclei) is preceded by one in v^hich 
the nucleus is traversed by fine, undivided, leptotene threads the 
free ends of which are from an early period polarized towards the 
pole of the nucleus near which lie the centrioles. 

2. That from this pole, during the amphitene stage, thick aiHl 
often plainly double threads are formed progressively towards the 
opposite pole near which (in Batracoseps) lies the chromoplast. 

3. That pari passu with the growth of the thick threads the 
thin threads disappear until all have vanished. 

The conclusion is irresistible, and will hardly be disputed, that 
the thick (pachytene) threads grow at the expense of material 
supplied by the thin ones (leptotene). 

It is further indisputable that in many cases the thick (and 
often double) threads terminate anti-polcwards in two undivided 
diterging thin threads like the branches of a T, which often sepa- 
rate at a wide angle and may be traced for a long distance, some- 
times to opposite sides of the nucleus, as continuous threads. 
This fact may be seen in both Tomopteris and Batracoseps with a 
clearness that admits of no doubt. These F-figures are so numer- 
ous, so clear, and in their more striking forms so different from 
anything seen at other stages as to constitute a highly character- 
istic feature of the nuclei at this particular stage, 

Jansse^is, the Schreiners, Gregoire and others have with good 
reason insisted on the fact, seen with especial clearness in Batra- 
coseps, that not nior^^ thayi two thin threads are thus seen dinerging 
from the anti-poleward ends of the thick threads. Fick (^07) after 
examination of the Schreiners’ preparations of Tomopteris, stated 
that he could sometimes observe more than two such diverging 
threads. Even Janssens in his earlier work (with Dumez) on 
Plethodon, believed that he had seen a similar appearance. “I n 
chromosome naissant est parfois en relation avec plusieiirs fila- 
ments, de tel maniere qu-il devient tres difficile a I’observateiir 
de faire un choix^^ (^03, p. 423); but in his later work on Batra- 
coseps he insists that such is not the case. 

I have studied this point with the greatest care of which I am 
capable in both Tomopteris and Batracoseps. In the fonner 
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oase one may indeed often be in doubt, particularly in the ('arlit'r 
stages, though many perfectly clear 1^-figures are evident. Such 
doubtful cases may however very well be du(' either to a (‘onfu- 
sion produced by threads of liniip to defects of fixafiom or to 
eoagulatiomproducts of the nuclear enchylema. Hatra.cos(^l)s 
seems to me, however, decidedly more favorable for studyOf this 
point than Tomopteris, partly because of the imieh givatiu- size' 
of the nuclei, partly because of the greater brilliancy of th(' pic- 
tures in detail, especially evident in material lixed with (7ri,rnov's 
fluid. At its best this method, in my ex])orienets is niindi supe- 
rior to Flemming’s or Hermann’s fluids for study of this iwint. 
Prolonged search among the liuge amphitene-iuielei of l^atra- 
coseps has failM to show even a single clear ease in whicli more 
than two leptotene-threads can be traced into eonneetion with a 
single pachytene. When the latter terminate a.nti-polewards in 
more than one Icptotene-thread two are always seen, A^ery oft(ai 
diverging like the branches of a F; and these bifid figures app(‘ar 
with the utmost clearness in every view — sidewise', ('lulwise and 
obliquely. It is of course true that such bifid figures ar(' often 
not in evidence. Not infrequently pachjdene-t breads seem to 
end abruptly without connection with tlie leptoteno; .sonK'timos 
they seem to end in single leptotene-threads. Put in the nat un' 
of the case the true relation of the latter to the former must often 
fail to appear in the sections. This may result froiii many (aius(‘s 
—accidents of sectioning, entanglement of the threads, unfavor- 
able position, and the like- -and it is very probabh^ that in the 
coagulation-process of fixation the delicate thin threads may often 
break away from their normal connections. When alloAvance is 
made for these sources of error it is in fact surprising t luii so many 
demonstrative F-figures are seen; and it is a significant fact that 
these figures, though often bent or distorted, alway.^ show the 
same orientation in the nucleus with respect to the (‘('ntrosome 
pole. 

That the F-figures represent the normal and typical relation of 
the pachytene-threads to the leptotene seems to me indisputable; 
and I consider it utterly impossible to interpret the.'^c figures as 
an expressiqn of a progressive longitudinal splitting of previously 
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undivided threads. The F-figures are not opening apart, thev 
are closing up, as is placed beyond doubt by the magnificout 
demonstration of the seriation given in the testis of Batracoseps. 
F-figures with a short stem and long arms precede, they do not 
follow, those with long stem and short arms. What is taking 
place is evidently a coming together of the thin threads §ide bv 
side in pairs to form the thick ones -a process exactly opposite 
to longitudinal division. I do not hesitate, therefore, to confirm 
positively the description of the facts given by Janssens and the 
Schreiners. 

L desire to emphasize the striking contrast that exists between 
the amphitene-nuclei and the spermatogonial or other diploid 
prophasc-nuclei. It seems to me that Meves goffs much too far 
when he directly compares the process of ^parallel conjugation’ 
to the early fission of spireme-threads in the diploid nuclei as 
' described by Flemming and his successors; for one is led from this 
to suppose that figures may be seen in the two cases that are 
ess^tially similar. But no one can study the early spermatogonial 
pro phases in Tomopteris or Batracoseps without being struck 
by the very great contrast which they present to the amphitenc- 
nuclei.i^ Never in the former case, as far as I have been able to 
find, are the two halves of the double spireme- threads seen diverg- 
ing like the branches of a F ; nor have I been able to discover such 
pictures in the early prophases of other diploid nuclei, such as 
the epithelial and connective tissue cells of larval salamanders. 
Even though such pictures could be found, the amphitene jiuclci 
undeniably offer peculiarities that differentiate them in the most 


In considering this question it is necessary to point out that the single figure, 
of the amphitene stage that Meves offers in favor of his interpretation (’07,. text- 
figure, ]). 460) conveys no real idea of the characteristic relation of the leptotene- 
t breads to the pachytene. Many pictures similar to this arc seen in my own sec- 
tions of Batracoseps ar^d Plethodon, especially after fixation by Flemming’s fluid 
or Hermann’s, often also in inferior preparations from Carnoy’s fluid; but as a 
rule it is only in the .best Carnoy preparations that the exact relations can be 
clearly and generally seen. It is evident that the least defect due to fixation or 
to the shrinkage of embedding process tends to obscuie the leptotenc-threads and 
cause them to assume a more netlike appearance. . , 
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■ oouspicuous way from the earlier generations of cells in th(‘ testis- 
and these are not to be ignored in the study of this ])ro]dein 

Another very striking fact in the case of Batraeos(‘ps is that* the 
two branches of the Y often give exactly tlie ai)])earan(T of twist- 
ing together «to form the stem- -a condition dearly shown iii 
many of Janssens’s figures, though I do not find it numlinned in 
the text. The pictures seen in Toniopteris also sometimes sug- 
gest a similar condition, though less clearly ; but in neiilaa- case am 
I entirely sure of the ease, since the torsion often can not be se(m 
A twisting together of the longitudinal halves of dijilotem'- 
threads.at a later stage (‘strepsinema’) is of coui'se a v(a*y familiar 
fact; but I can find only a few indications here and Wmv in tlu' 
literature of subh a twisting at the syiiapti(! stag(a Two xwy 
definite accounts of such a process have n'cently lieen given by 
Agar (Tl) in the case of Lepidosiren, and by Holies J.ee (Hi) in 
Helix. The latter author believes the double spiral lo persist 
as such in the succeeding pachytene stage. ‘Mainais, a aucuiie 
moment, meme dans les enroulcments les plus etroits dii boiKjuet 
tasse, on ne voit rien qui puisse faire conclure a une fusion des 
deux elements” (p. 70). It is quite possible that a close torsion 
of the threads may explain the fact that it is in many cases diffi- 
cult or impossible to distinguish a longitudinal duality for a cer- 
tain time after the synaptic proces.s is completed. 

Concerning synapsis in the Orthoptera I can only spt^ak with 
considerable reserve. Most observers of this group have con- 
cluded that the longitudinal duality of the diplotene- threads is 
due to a process of longitudinal splitting (McCluug and all of 
his pupils, Sinety, Alontgomery, Davis, Buchner, Jordan, Cninata. 
Brunelli) and only a few have attributed it to parasynapsis (Otte, 
G6rard, Morse). The few observations I have been abh^ to make 
on AIcClung’s preparations of Achurum, Phrynotettix and Mer- 
miria nevertheless lead me to the impression that a side by side 
union of leptotene-threads takes place here also. The case is 
however much less clear than in the other forms since t}i(‘ pf)lari- 
zation is less marked, and the amphitene stage, though clearly 
apparent in some cases, is correspondingly less conspicuous. 
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Nevertheless, in these nuciei also the Jeptotene- threads may ofton 
be seen to lie p!trallel and in pairs on one side of the nucleus, while 
on the opposite side they are quite irregular. jq^re too may he 
seen F-shaped figures, in some cases almost exactly like those of 
Batracoseps, except that the stem is more clearly double and shows 
no indication of torsion. It may again be pointed out that Sut- 
ton's observations on Brachystola are entirely consistent with a 
parasynaptic mode of conjugation. I think therefore that the 
case for tclosynapsis in these animals is not yet established, and 
that in spite of the careful work of Davis, Brunclli and others, 
the question must still be considered open. 

As to the Hemiptera, sufficient emphasis has already been laid 
upon the practical difficulties which they present. In Euschistus 
however, as described in Montgomery’s recent valuable paper 
(Ml) the difficulties are less baffling than in many other forms; 
and he has had the advantage of working with a species in which 
the total number of threads can be determined in at least some of 
th« nuclei at every stage. In this work the author, reversing his 
earlier conclusions concerning these insects, definitely accepts the 
theory of parasynapsis. As I have pointed out, the propha.se- 
figures in Oncopeltus and Protenor are certainly not out of har- 
mony with this conclusion. I therefore accept the probability 
of a side by side union in these animals, though I think the possi- 
bility of an end to end conjugation is not yet excluded. 

But if, now, the fact of a side by side union of parallel lepto- 
tene- threads be granted, we have still not arrived at a denioii- 
stratiori of parasynapsis; for there are some very important 
possibilities yet to be reckoned with. Before such a demon- 
stration can be admitted, we must first make sure of the number 
of separate pre-synaptic chromosomes (cf. Pick, Meves) and sec- 
ondly must exclude the possibility, which has been suggested by 
several writers, that the parallel union is no more than a reunion 
of sister-threads that have been derived by an earlier longitudinal 
fission of a single thread (or chromosome) and have subsequently 

This was also noted by Davis but attributed by him to "an accidental arrange- 
ment, which is more common near the pole since in this region the thread.^ are 
crowded more closely together'’ ('08, p. 127). 
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undergone wide separation. Such, for iiistauco. is tho vio\v of 
Brunelli (^11) in an interesting recent work oif Tryxalis* lml\ 
similar view is suggested on the botanical by tlu- recent work 
of Digby CIO) on Galtonia, and of Fraser and Siwll i^ll) oii \'icia 
All these observers believe the longitudinal duality of tlie s]>iivnie 
threads at the synaptic period to bo quite coni])a'rahle to that of 
the diploid prophases, and to be traceable to a longiludinal 'split 
that is already present in the preceding telophase-chronms^unes 
(cf. also the work of Dehorne and of Schneitler,ahvady cit(‘d),and 
these writers emphasize the fact that the ])roducts of this fission 
do in fact separate more or less widely as the nuclei (uitiM- tlu* dvsi- 
ing’ period. As to the subsequent changes Ih’uiahi comhidcs, 
'^Successivamente, le due meta longitudinale (k^gli indivklui 
cromosomici si parallelizzerebbero; donde gli aspctti intcnncdi 
che sono stati descriiti come scissione di un filo uni(‘o, o cohh' 
racollimento di due fili cromatici avcndi il valore di due cronio* 
somi (ipotesi della zigotenia)’’ (Al, p. 9). It is evident from 
this how essential it is to determine the number of pir-symiptic 
threads; for if they have such an origin as lias just been indicated, 
their number should be tetraploid (double the diploid), wlnavas 
if they represent whole chromosomes the number should l)f‘ 
diploid. 

In the insects that I have studied the pre-synaptic stag(‘s aw of 
especial interest as affording almost a demonstration tliat ih(' pw- 
synaptic number of threads is the diploid number. I attacli 


great weight to the history of the sex-chromosomes in these' stages; 
for, owing to ' the fortunate circumstance that they an' individu- 
ally recognizable at this time, we can be perfectly sun' that at 
least one pair of chromosomes of the diploid gi'ciips is h('n' re'iwe- 
sented by two separate chromosomes that afterwards un(I(Tgo 
synapsis. When we consider that these chromosomf's anj hardly 
distinguishable from the other chromatic masses of Stage b iiutir 
after considerable extraction, that the latter are of tlu' sanu^ or 
nearly the same number as that of the spermatogonial autosomes, 
and that they give rise to the separate leptotcne-thn'ads that 
enter synapsis, we must admit that strong ground is given for 
th{j conclusion that the latter are individually representatives of 
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the spermatogonial autosomes. In some at least of the objects 
I have examined*these threads are single, not double; and I can 
find no evidence that they consist or have consisted of two inter- 
lacing spirals or closely associated halves. In this respect they 
seem to be quite like the spirals that uncoil from massive bodies 
in the spermatogonial prophases in Phrynotettix. In this case 
I can speak with complete assurance; for the evidence afforded by 
McClung's brilliant preparations of this form is absolutely demon- 
strative that the spirals arc single, and that the longitudinal dual-* 
ity is produced by a subsequent longitudinal split of the spiral 
thread (which is essentially in agreement with Janssens’s earlier 
conclusions in the case of Triton). 

For the foregoing reasons I accept the probability that the 
parallel union of reptotene-threads does not form part of a pecu- 
liarly modified process of longitudinal division, but should be 
regarded as a true conjugation or parasynapsis of entire chromo- 
some^. Apart from the convincing 'evidence afforded by the 
sex-chromosomes, my observations are essentially in agreement 
with those of the Schreiners in regard to the origin of the lepto- 
tene-threads. These observers describe the latter in Tomop- 
teris as arising from much thicker, loose, polarized loops of th^ • 
dipfoid number (18) which transform themselves into convoluted 
threads in a manner somewhat similar to that seen in the insects : 
‘‘Nicht selten haben wir Bilder gesehen, die uns den Eindruek 
gegeben haben, dass das Chromatin der lockeren Schlingen sieh 
zuerst zu einem unregelmassig aufgebauten, stark gewundenen 
und gefalteten Bande sammelt, aus dem wieder die deutlich 
begrenzten diinnen Faden hervorgehen” (’06, p. 18). Later, 
“Die Chromatinfadchen, die auf Stadien Aie Fig. 18 und 20a 
hervortreten sind, vovon uns fortgesetzte Untersiichungen immer 
fester iinberzeugt haben, in den breiten aufgclockerten Chro- 
matinbander der vorgehenden Stadien spiral aufgerollt oder zusa??i- 
mengefaltet sind^’ (’08, p. 10, italics mine). My* own study of 
the Tomopteris slides gives me the same impression; and I think 
it probable that the phenomenon here seen is of the same nature 
as that which so clearly appears in the insects, though the thick 
^Chromatinbander’ are here much less sharply defined. Jans- 
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sens’s somewhat similar account of the pre-synaplie stajres in 'I'ri- 
ton have already been mentioned (p. 3GS). ln«lhitracoseps. on 
the other hand, there is as yet nothing to sliow that iln^ 
tene-threads arise directly from the irregular and va rial )I{^ eliro- 
matin-masses that arc seen in the earlier stages (‘])i‘otol)ro('li‘ 
and ‘deutobroch’ nuclei). 

Opinion still differs so widely in rest^ert to tlio i)iv-synapti(‘ 
conditions in plants that its dLscussioii can hardly b(' iuhIiu- 
takenherc. Overton (’05, ’09) and those who have adopt'd tlu' 
'‘prochromosome-theory’ find the leptotene stage pi-ennlol by 
(me in which massive 'procliromosome.s^ are i)res(mt, of tho dip- 
loid number, and already showing an association in paii’s wliieh is 
a forerunner of actual synapsis; but other obser\'ers hnw found 
no support for -this view in the objects they have exarniiK'd (cf. 
Mottier, ’07, ’09). It seems possible that diffenmt speeic^s may 
differ in this respect, as is certainly the case in animals. 

Jt is impossible to leave this discussion without numtion of two 
additional series of facts which lend strong indirc^d support to 
the theory of sypapsis. One is the remarkable di.scovery tlnit in 
the diploid groups the chromosomes are often found to eonv- 
^ond two by two in respect to size, as was first poit\ted out by 
Montgomery (’01) and Sutton (’02) ; and that in some cmn tin* 
chromosomes are actually arranged in pairs according to tlu'ir 
size. The latter fact was also first described, I believe, by Mont- 
gomery (’04.) in Plethodon, later in a number of tlie Hemiptcra 
(’06) ; and in the latter work first appears the view that such an 
actual arrangement in pairs is characteristic of the diplgid nucliM 
(p. 148). A Similar arrangement was later described by Janssens 
and Willems (’08) in*Alytes; and a most striking, unmistakalde 
ease of the same kind was found by Stevens (’08) in several of the 
Diptera. On the botanical side similar facts have been de- 
scribed by Strasburger (’05), Geerts (’07), Sykes (’09), Mulh'i* 
(’09), Gates (’09), Stomps (’ll) and others. Overton, Rosenberg, 
Lnndegard, and others likewise describe the “pruclironiosom(*s 
as arranged in pairs in the diploid nuclei, as well as in thii [ire- 
synaptic stages of the auxocytes. So many of these cases have 
been described, spme of them of quite demonstrative character 
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(Diptera)j that no doubt can exist of the widespread tendency (»f 
the chromosomes to assume this arrangement already in the dip- 
loid nuclei. It appears to me however that those authors wlio 
consider the paired grouping to be a general characteristic of the 
diploid nuclei go much too far.^® Not only are numerous exc(‘}> 
tions seen in the case of individual chromosome-pairs, but in main- 
cases no trace of paired grouping appears. Such exceptions may 
readily be seen in the figures of Montgomery, Stevens, Morrill 
and myself of the Hemiptera, which are probably unsurpassed 
among animals for the clearness with which the size-relations 
are* shown. In cases where certain pairs may be unmistakably 
recognized (as in Protenor and other Coreidea) the two members 
frequently show no constancy of relative position — compare for 
instance the accurate figures of the diploid groups of Protenor, 
Anasa, Alydus and Nezara in my third 'Study’ (’06) or those of 
Morrill (’10) of Archimerus, Chelinidca, Anasa and Protenor. 

But this*does not in the least lessen the significance of the 
remWkable cases that have been established. The tendency 
towards such an association of the chromosomes in pairs is un- 
doubtedly widespread; and the very fact that it does not follow 
a fixed order may be used as an argument in favor of a conjugation 
at the synaptic period. When the pairing is already evident in 
the diploid groups the way for synapsis has been prepared in 
advance. This process must take place at some time subsequent 
to the association of the germ-nuclci in fertilization; and that 
such a process undoubtedly occurs nullifies all the a priori 
objections that might' be urged against the possibihty of a cor- 
responding process that is delayed until the maturation-period 
is reached. 

Strasbiirger, for example, says, "Ich zweifle nicht im germgsteii darari, class 
es aich urn eine allgemeine Ergeheinung in diploiden Kernen dabei handelt, vvemi 
sie auch nicht iramer aviffallig ist” (’09, p. 90). Gates is still more specific. It 
is evident that the pairing of the chromosomes is not brought about at synapsis or 
at any other period of meiosis, but that the chromosomes are really paired through- 
out the life cycle of the sporophyte . . . Synapsis plays no special part in the 
pairing . . . Meiosis and reduction consists essentially in the segregation of 
the members of these pairs that have been in association since soon after fertili- 
zation” (’ll, pp. 334, 335). 
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Lastly may be mentioned the interoMiuj? facts observed in tlio 
maturation of hybrids between parental fonns luivimr 
numbers of chromosomes. Well known as lb)s(aihera’s nit • 
on Drosera are (’04, ’09), the main facts nuiv be a-ain 01111111 (^ 1 " 
especially as exactly analogous results have recenilv Inan. 
by Geerts (’ll) in hybrid Oenotheras. On crnssiim Orn.mn 
longifolia (having forty chromosomes) witli 1). rotumlifnli, (h,v 
ing twenty chromosomes) the hybrids liave tlic intcnaiH'diate 
number of chromosomes, thirty (20 + 10). In lla^ first nialuri- 
tion-division appear ten double and ten singb* clironiosonuN tlm 
former undergoing a regular division and distriliution to tli(‘ piilrs 
while the latter fail to divide, undergo an inrgular distj-ilmtion 
and often fail to enter the daughter-nuclei. ih)senb(Tg’s int(T- 
pretation is that the ten rotundifolia chroni()som<*s eonjugat(‘ 
with ten of the longifolia ones to form the bm bivalent (doubho 
chromosomes, leaving ten longifolia chromosonu's as imjiaiivd 
univalents which undergo irregular distribution. Tln^ results of 
Geerts are exactly analogous. Oenothera gigas (twenty-(‘iglit 
chromosomes) crossed with Oe. lata (fourteen chromosomes) 
gives hybrids with twenty-one chromosoiiK's (14 f- 7). d'lu' 
f^st division shows seven double (bivalent) and s(‘\’eu vSinglo 
(univalent) chromosomes; and, as in Drosera, the bixalents divide 
cijuallyand symmetrically, while the univalents wandcu' irregularlv 
along the spindle and often fail to enter the daugliter-nuclei. 
His interpretation is the same as that of Ilosenberg.'^ If cor- 
rect, these results, indirect though they be, constitute almost an 
experimental demonstration of both synapsis and rcaludion. 

In summing up, it is my opinion that in spite of all the apparent 
contradictions and conflict of opinion concerning the modus ojkt- 

Gates however (’09) in an earlier study of the same hybrid examined by 
Geerts, was led to quite different results, concluding that half the jmllcn cells 
receive 10 chromosomes and half 11. I cannot, however, find evidence in Ids paper 
to sustain his conclusion that “there is not here a pairing an<] separation of honado- 
gous chromosomes of maternal and paternal origin” (op. cut., p. 19o). Gates gives 
n .0 account of the exact mode of distribution of the chromosomes in the hetero- 
typic division, but only the end result. This result would however follow if ex- 
actly such a pairing and disjunction took place as is described by Geerts, provided 
the remaining chromosomes also underw’cnt an approximately equal distribution. 
It remains therefore to be seen whether the apparent contradiction of results is 
real. 
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aridi of synapsis, the cuDiulative force pf the evidence in favor of the 
fundamental fact is irresistible. This question is not to be judged 
alone by the study of any one of its single phases. The whole 
extensive series- of facts must be reckoned with; and despite their 
variations in detail the data arc too consistent in their fundamental 
aspects, to be explained away. On the other hand, it is obvious 
that the problem as to how the parental chromatin-homologues 
become definitely associated in pairs is still far from a definitive 
solution. We should certainly expect a phenomenon so funda- 
mental to follow everywhere the same type; but I am in agree- 
ment with the opinion that has been expressed by some other 
writers (cf . Gates, T 1 ) that the particular mode of union may be of 
subordinate significance. In accepting the main conclusions of 
the Schreiners and of Janssens in regard to Tomopteris and Batra- 
coseps I do not mean to imply that end to end conjugatioh, or 
telosynapsis, may not also take place in other forms; I hold no 
brief for parasynapsis ; and I fully recognize the weight of the e\d- 
dence in favor of telosynapsis recently brought forward especially 
by the botanical cytologists th^t have been cited. The^tudies of 
King C07, ’08) on Bufo should also be emphasized in this connec- 
tion. I repeat that the phenomena seen in the insects by no 
means exclude the possibility of synapsis of this type, at least 
in some forms. Nearly all obseiwers are agreed that the side'by 
side union begins at or near the free ends of the leptotene-threads 
and advances step by step along their course. We can here see 
how readily the one mode might pass into the other ; and the sug- 
gestion of Gates that the mode of synapsis may be correlated 
with the shape of the conjugating elements at the time gf their 
union ’seems 'svell worthy of consideration. 

It is not to l^e denied that the acceptance of parasynapsis in- 
volves some very puzzling difficulties.. It is, for instance, hard to 
comprehend how long loop-shaped chromosomes can become 
so disposed as to undergo progressive side by side union from their; 
free ends towards the central points, as both the Schreiners and 
Janssens have concluded. Janssens appears to recognize this 
when he says: ^^L’eloignement des filaments (i.e., the wide diver- 
gence of the branches of the y-figures) avant leur soudure est im 



studies’ OK CHROMOSOMES 


407 


fait tr§s 4tonnant, mais absolument cprtaiir" lint l>^ ■ , 

adds De ce quo nous ne pouvons pas expliqucr par q,,,.] .iKVlnu- 

i.sme la soudure se realise dans de tek ’ • . 

ECir> u ] 1(1 SOM suit 

oontre son existence indubitable” (’OS, p. 107), However difli 
rult such a mode of union may seem a priori, the prepai-itioiK of 
the Schreiners actually demonstrate double lnop,s tint are unit > 
at both ends while widely separate' along their middle portions’' 
shown for example in figs. 16, 17 and 18 of their miier of loo.s 
which accurately represent the facts, as I an, able to eontinn from 
examination of these identical nuclei in the original preparations 
We must seek to discover by observation how the eon'ing-itiim 
loops disentangle themselves from the apparent chaos of'the lep 
totene-spireme. The chaos may however be apparent ratln'r lli’in 
real. The interesting facts worked out bj- .Janssens in' regaid to 
the persistent orientation of the loops in the pre-synaptic stages 
of Batracoseps indicate that their polarity is not lost at any time 
between the final spermatogonial anaphases and the anipliitene 
stage, and that their frep ends always converge toward.s the cen- 
trosome. . It seems quite possible that the way for syiiajisis may 
be prepared already in a very early pre-synaptie stage, by a deli- 
iiite regrouping of the chromosomes that may take plaee before 
the leptotene loops are formed as such. It is evident that the 
central portions of the loops arc constantly shortening as the 
lieripheral portions come together (possibly as a re.siilt of llie 
progressive torsion of the latter) . It seems tiierefore by no means 
a hopele.ss task to undertake a definite solution of the puzzle by 
observation. 


Fhe question oj the redudiorhdklsiofi 

1 lie history oi the sex-chi'oniosomes in Oncopcltus affords, 1 
believe, complete demonstration of the occiirrcnce'both of synap- 
sis and of a true reduction-division in the original sense i.e., 
of the disjunction of two entire ehroinosoiiies that have pri'vionsly 
conjugated in synapsis. Rut, although this m-ati •s a rertain 
presumption in favor of (he occurrence of a similar pnirrss in case 
of the other chromosome-pairs, this argument must not be pushed 
too far indeed, there is reason to iKdiei’c that in case of the ordi- 



408 


EDMUND B. WILSON 


nary chromosomes ('autosomesO, the process may be different in 
some important respects from that seen in the sex-chromosomes; 
and we must not lose sight of the wide difference of behavior in 
other respects that differentiates the latter from the former. It is 
possible that the sharply marked process of conjugation and 
disjunction characteristic of the sex-chromosomes and m-chro- 
mosomes may be correlated with their specific functional relations. 
The case for the autosomes must therefore rest upon their direct 
study, and a reduction-division can only be fully established by 
tracing the bivalents as double bodies or 'gemini' through every 
stage from the time of their conjugation to that of their disjunc- 
tion. 

Whatever view of synapsis be adopted, this is a difficult task. 
If we take the view that the chromosomes are arranged in linear 
series in a spireme-thread which breaks into bivalent segments 
each consisting of two chromosomes in telosynaptic union there is 
no guarantee, as far as I can see, that the latter ultimately sepa- 
rate at the synaptic point. If we accept parasynaptic conjuga- 
tion the difficulty is of a different kind, namely, the extremely 
close union of the conjugants side by side, which as nearly all 
observers are agreed, follows upon synapsis. The most that, has 
been asserted by these observers has been that evidence of longi- 
tudinal duality can always be seen in some of the bivalents at 
every stage. Without reviewing all these cases, I will only recall 
that in the case of Batracoseps, for example, Jansseiis says, 
''Pendant le long stade du bouquet, Ics anses sont simples et par 
aucune methode cytologique nous ne parvenons a y reconnaitre 
la moindre trace de dualite^^ (’05, p. 401). In case of Tomopteris 
the Schreiners admit that at a period shortly following synapsis 
no longitudinal division can be seen in the pachytene-threads, 
and these authors are compelled to fall back upon indirect evi- 
dence in support of their conclusion that the duality is not reall} 
lost. Again, in Montgomery’s jecent work on Euschistus ( 11) 
he expresses the conviction that there is no valid evidence of anj 
actual fusion between the conjugants; yet in point of fact states 
that after the completion of synapsis "The autosomal loops 
(bivalents), are in one-half thje normal number and, for the most 
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be said appears to be that “in tlio g^atei- nmolie!'','!, ea'e! 
there is to be seen in each geminus at least traces of 
which marks the original point of meeting rh’ two;,,:;ai:i:i':'' 
, 11, p. 738). It seems to me that this is Itardlv a sMliiHer.i ha.i ■ 
for so- important a conclusion. Many sintilar'st.alemenls mn'l n 
he cited from other authors. On the other hand some l erv e,m 
petent observers not only lind no evidenee of du.alite in the earh- 
i)ost-synaptic bivalents but defiuitelv eonelude tint the ' 
jugaiits completely fuse to form ‘zygosomes' or ‘mixoeliromosoM.!''’ 
(c.g., Vejdovsky, ’07, for the Enchytrai.lae, lionnevie its 'll 
for .Album and other forms, AViniwarter .and Saantmonl '(»'( for 
the cat). ' ' ■ 

111 the case of Batracoseps 1 can fully eonfirm Jansscajs's -^tate 
inent that no evidence of longitudinal dualitv c.an he v,.en in 'the 
pachytene-loops throughout the greatei- part ot the growl li- 
period, even in the most perfect preparations, .and aftia' v.ariou-^ 
modes of fixation, staining and extraction. It is only i,, the earlier 
period that the duality appears, and then often only 'hma' anil lh(>re 

and in a small portion of the thread. It is the in Tomo,,- 

teris. The longitudinal cleft often so elcaiiy seen at the time of 
synapsis seems soon to disappear, so that for a time nothing can 
be .seen in the pachytene-threads to indicate their liiiadi'iil md lire, 
lliebretically it is of course quite possible that this appearance is 
deceptive, and that the two elements arc in ri'ality always dis- 
tinct; but if wc resort to theory an equally strong ease can lie 
made out, I think, in favor of partial or cnmjik'te fusion. It 
seems at any rate Certain that in some of tlu' most favnra-hle 
material thus far found among animals, syna|)sis is folloiicii hy a 
union so intimate that no adequate evidence of duality is after- 
wards seen until the diplotene stage is reached in the iiropliases 
«f the first division. It is very po.ssiblo that this nia\- he du(> in 
some cases to a close twisting togetlier of the threads (cf. .390; 
but it would hardly be safe to accept such an I’xplaiialion at 
present. 

I am myself inclined to acce]it the evidence at its face x aliuMiiiil 
to conclude that parasynapsis is followed by at lea.-f a parlitil 

the joubJJAL op EXPERtMENT.AI^IOOLOGY, VOL. 13, SO, 3 
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fusion of the two conjugants;and that the synaptic process involves 
not merely an associ|||on of the chromosomes to form 'gemiui' 
but a process of reconstruction which may profoundly change 
their composition (cf. Boveri, ’04). I am, however, by no means 
in agreement with those writers who for a similar reason would 
reject in toto the conception of the reduction-division in the case 
of these chromosomes. Very important evidence upon this point 
is afforded by the contrast in structure and behavior between bivah 
ents and univalents in the maturation-divisions*; and this has not yet 
received sufficient attention on the part of writers on this general 
subject. In the first place, it is a rule, without exception so far as I 
am aware, that univalent chromosomes divide but once (of course 
equationally) in the course of the two maturation-divisions, while 
bivalents divide twice. The additional division in case of the 
bivalents must, therefore, be in some manner a consequence of 
synapsis. In the second place, the difference between univalents 
and bivalents is often clearly displayed in a characteristic differ- 
ence of structure in the prophases. In the insects that I 
have studied the former are always bipartite bodies, the latter 
often quadripartite — obviously in preparation for a single divi- 
sion in the former case, for two divisions in the latter. The best , 
examples of these facts are offered by the sex-chromosomes; but 
they are also exhibited by the m-chromosomes of Hemiptera, and 
by certain anomalies sometimes seen in the autosomes. 

Perhaps the most striking of these cases is that of the X-chrorno- 
some because of the different conditions seen in different species. 
Fn some forms this chromosome is accompanied by a synaptic 
mate (the F-chromosome) with which it unites to form a bivalent 
before the spermatocyte-divisions (Coleoptera, Diptera); in other 
species X and V divide as separate univalents in the first division 
and afterwards conjugate (many Hemiptera) ; while in still others 
Y is missing and X is always univalent. In the first case the XF- 
bivalent ^divides’ in both spermatocyte-divisions — reductionally 
in the first, equationally in the second, as may be clearly seen 
because of the inequality of X and Y (Stevens). In the second 
case (e.g., Oncopeltus Lygaeus)r this order is reversed, the first 
division being of course equational, the second reductional. In 
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the third case X divides in but one spermatocyte-division (either 
the first or the. second according to the species) and in the other 
passes undivided to one pole. It is here perfectly clear, as has 
been urged by McCIung ('01, '02) and myself ('05 c), that the 
failure to divide in one division is due to the absence of a 
synaptic mate; and it is thus rendered doubly certain that in case 
of the XF-pair but one true division (an equational) takes place, 
the other ^division' (reductional) being merely the se])a.ration of 
the synaptic mates. This is, I think, a conclusive denionstra- 
tion in the case of these chromosomes of the reality (1) of the cou- ‘ 
ception of bivalence, (2) of the reduction-division in its original 
and unmodified sense. That these conclusions are not limited 
to the sex-chromosomes is shown by the 7n-chromosomes of the 
Hemiptera, which have no relation to sex as far as known. In this 
case conjugation (synapsis) is usually delayed until the last pos- 
sible moment before the first division. Their separation, which 
immediately ensues, is again a true reduction-division of the 
bivalent; but what we here call a ^division' is obviously not prop- 
erly such but only the disjunction of two distinct bodies that 
have but just come into momentary contact. In this case, as 
in that of the XF-pair, the term reduction ‘division' is a mis- 
nomer. But one actual division takes place, the equation-divi- 
sion. This is fully borne out by the interesting anomaly that I 
described in a single individual of Metapodius in my sixth ‘Study,' 
consisting in the presence of three m-chromosomes instead of 
two. Here all three uniformly couple to form a triad element in 
the first division, which immediately breaks up into its conq^o- 
nents, of w^ch one passes to one pole and two to the other. In 
the second division all three divide equationally, so that half 
the spermatids receive but one ?n-chromosome half two. Ihis 
is, of course, exactly in accordance with expectation; and it is a 
remarkable fact that the two ?? 2 -chromosomes that are present in 
half the secondary spermatocytes do not disjoin but divide cqua- 
tionally, as they should. 

The case of the autosomes is different, owing to the intimate 
union and possible fusion that follows synapsis; and it seems prob- 
able that the reduction-division must here be regarded in a differ- 
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ent light. The history of these chromosomes as contrasted witli 
that of those just considered, nevertheless affords some importaiiT 
evidence bearing on this question. As has been stated, the pre- 
phase-bivalent is of quadripartite composition (though this may 
fail to become visible until the later prophases) while the pro- 
phase-univalcnt is bipartite. This has already been emphasized 
■ in the case of Oncopeltus, but may studied to still greater advan- 
tage in Protenor, because of the greater size of the chromosomes 
and of their very marked individual size-differences. In the male 
of this form, as heretofore described by Montgomery, Morrill 
and myself, the spermatogonial groups contain thirteen chro- 
mosomes, and the unpaired A-chromosonie is very nearly twice 
the size of the largest pair of autosomes (photos. 35, 36). In the 
female two such X-chromosomes arc present (photos. 37, 38). 
In the male the X-chromosomes of course remains univalent 
throughout the entire maturation-process, wdiile the large pair of 
autosomes produces a bivalent that is of nearly the same size as 
the univalent X". The latter is at every period distinguishable. 
In the earlier stages of the grow'th-period, wdien the autosomes are 
in a diffuse and lightly-staining condition, it remains compact, in 
the form of a somewhat elongate vermiform body, that is closely 
coiled about or within a plasm asoiiie to form a rounded chronio- 
some-nucleolus the true nature of which only appears after con- 
siderable extraction (cf. Montgomery, ’01, fig. 127). In smears 
(as is the rule among the Hemiptera) the plasmosomc usually 
collapses, setting free the X-chromosome, w;hen its rod-like form 
becomes clearly apparent (photo. 39). In later stages it shortens, 
thickens and splits lenglhw ise, so as to appear in the, prophases 
as a rather .short, thick’ rod, very plainly split (figs. 120-131, photos. 
40 to 51). The large bivalent, on the other hand, first becomes 
recognizable in the prophases, as the process of condensation occurs, 
when it may be studied to the best advantage in smear-preparations, 
in which all the chromosomes are spread out in one plane. 

In such preparations, of wdiich I have a large number, the large 
bivalent is invariably distinguishable by i.ts large size- -nearly 
twice that of any of the others; and wt thus have opportunity to 
compare it accurately, side by side in the same nucleus, with a 
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univalent chromosome (Z) of the same size. It is most i 
esling to observe in Proteiior the gradiial nn.Tgoiuu^U the hhT 
lents from the confused nuclear throadwork of Sta-vc, ■ 

stagesof the process are seen iufigs. 1 15 to 1 1 7, wliidi clMrivdoi'.'ioil 
strate (1) that the threads do not constitute a conliimous sni.-e,,,.. 
but are separate, (2) that they do not lie side by side in iiairstofo,,,,' 
a diplotene, but are single and undivided. Figs. ] is and 1 1!) diow 
two nuclei, only a little later than th(> preceding, in wldch all i ll'ld 
_valents are clearly seen and the large one is peifectlx ('vi'deni It 
is of course only now and then that a nucleus in tids st.age can be 
found in which all the chromosomes are thus cle.-irly di.^liinmisli- 
able; the bivalents are still so extended and iri'egidai- as to pmsau 
a hopelessly confused picture in sections, and very fiTiiuently also 
in smears. It is however my firm belief that tlie bivalent lign'ivs 
intricately entangled though they are, are already (|uit(' djsiinel 
at least as early as fig. 115, and I do not hesitate lo aecepl this 
as probable for the still earlier and more confusc'd imclei tlmt 
precede. 


From the latter part of Stage h (i,e., ligy, 1 is, 119) (^viu-y str-p 
may readily be followed as the clirofiiosomes (“nntiiuu' to con- 
dense, contract and increase in staining capacity. Of the innu- 
merable nuclei showing these stages in my siMear-])repara.1i()ns a 
few are shown in figs. 120 to 131, and in photos. 40 to 51. As 
these figures show, the typical number of separate chromatin- 
bodies is eight, which niay however be reducinl lo seven bv lh(‘ 
coupling of the two smallest (?n-chroni()soiries, figs. 124, 129, 
130, photos. 45, 46, 48), or in certain i-are abnormalities may be 
increased ^to more than eight (fig. 128, photo. 43). Of these 
eight, three are univalent, namely, the tM*o smallest (/rt-chromo- 
somes) and the large X-chromosonics, the latter always distin- 
guishable by its more compact consistency, greater staining capac- 
ity, rod-like form, and simple longitudinal split. 

The remaining five are the bivalent autosomes, whieli frojn the 
beginning have the same forms as in Oncopeltus — i.e., double 
crosses, double F^s, or longitudinally split rods which sooner or 
later develop a transverse suture at their middle points and thus 
are plainly seen to be of quadripartite nature. 
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A particular interest attaches to the striking and constant con- 
trast between the X-chromosome and the large bivalent; I do 
not here refer t'o their conspicuous difference in texture and stain- 
ing capacity in the earlier stages but to a characteristic difference 
in morphological composition that persists up to the very meta- 
phase of the first division. The X-chromosome is always bipar- 
tite — a simple rod, longitudinally split. Sometimes it is curved, 
sometimes slightly constricted at the middle point, sometimes 
irregular in form; but many of these variations are evidently 
quite accidental. It never shows the least approach to the double 
cross form nor does a transverse suture at the middle point make 
its appearance. In the final prophase it enters the spindle at 
right angles to the latter, and undergoes a longitudinal division 
(figs. 132 to 134, cf. Montgomery, Tl, ’06, Wilson, T1 d). The 
large i)ivalent, on the other hand, is always, sooner or later, a 
quadripartite body. In most cases it forms a fine double cross, 
of the same type as that already described in case of Oncopeitus, 
and showing the same variations. All gradations are found, in 
different nuclei, on the same slide, between forms in which the 
arms of the cross are equal (figs. 120, 122, 123, photos. 40, 41, 49) 
and those in which one pair (the Tateral ’ arms) are but just 
perceptible (figs. 121, 124, 125). In some cases, comparatively 
rare, the laterM arms are quite wanting, and the bivalent appears 
as a longitudinally split rod (figs, 126, 129, 130) but in these forms 
a distinct transverse cleft or suture is often seen at the middle 
point; and in a few cases the rod is sharply bent at this point to 
form a F-shaped .figure (fig. 127). Sometimes the transverse 
cleft is hot seen in the earlier stages: but always in the later pro- 
phases it becomes evident (figs. 129, 130, 131, photos. 48, 51). 
In these stages, as in Oncopeitus, the lateral arms of the double 
crosses sooner or later disappear, being apparently progressively 
drawn in to the axial arms, and in their place appears first a 
transverse suture and later a constriction across which the first 
division takes place. In the early metaphases the large bivalent 
shows two extreme types, connected by all intermediate transi- 
tions. At one extreme are ring-like tetrads (fig. 133) \jhich are 
evidently derived from crosses by shortening of the arms and per- 



STUDIES ON CHROMOSOMES 


415 


sistence of the central opening. At the other ext r(>m. i * 
tetmd-rq^s (fig. 132) which clearly show two di^■ision-;la„e^.; 
nght angles to each other. These forms may be derived e hh'; 
from the more elongate rod-like forms of earlier .sta-es or f o 
crosses by disappearance of the lateral arms, I„ l.oth tx „e- tl ! 
quadripartite structure is unmistakable. The larue hiv'd t 
ultimately ^sumes a dumb-bell form, with its long,:.. ...xis pam'lM 
to that of the spindle-axis, and undergoes a ‘transvi'rse’ division • 
while as already stated, the Z-chromosome aluaus enters the’ 
spindle with its long axis transverse to that of the' spindle and 
undergoes longitudinal division (figs. 132, 134; see .also Wilson 
’ll, fig. 9, Montgomery, '01, figs. 136, 138). ’ 

No observer who studies these nuclei attentively can fail to be 
struck by the remarkable difference between the” large bivalent 
and the large Z-univalent. Its exiilanation is obvious; the former 
IS preparing to divide twice, the latter once, in the course of the 
two maturation-divisions. But this does not yet touch the root 
of the matter. We have still to ask why two chromosomes of 
equal size in the same nucleus differ so widely in respect to their 
mode of division. The reply is again obvious. It is because one 
of them has double the chromosomic value (or valence) of the 
other, the bivalent represepting two chromosomes of the original 
diploid groups, while the univalent represents but one. This 
conclusion, which is hardly more than a statement of fact, is 
confirmed by a very interesting anomaly shown in fig. 128, and in 
photo. 43. This nucleus contains nine chromosomes, and the 
large bivalent is absent as such, while in its place appear two sepa- 
rate and equal chromosomes of half its .size {B, B in the figure), 
while the four smaller bivalents are plainlyrecognizable (h-b). The 
explanation obviously is that through an abnormality of synapsis 
the two members of this particular pair have failed to unite and 
have therefore remained univalent. Both of these chronosoMes 
have the form of simple, longitudinally divided rods, without trace of a 
quadripartite structure, while the four smaller bivalents all show the 


cross-form (though the lateral arms arc but slightly developed in 
one of tl^m). It may be surmised, I think, that if the later history 
these separate univalents could be followed out, they would be 
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found to divide but once (equationally) in the course of the twn 
spermatocyte-divisions, as in case of the X-chromosom|s, or th(‘ 
m-chromosomes. 

When these facts are taken together the conclusion seems 
me unavoidable that one of the divisions of the bivalent chromo- 
some (and hence, one of the division-planes seen in the bivalent 
prophase-figures) is a consequence of Us bimlence — i.e., of its origin 
from two chromosomes instead of one, of the original diploid 
groups. An almost conclusive demonstration of this is given bv 
the fact that when the X- and F-chromosome» are united to form a 
bivalent in the prophases, this body, like the others, often show.s a 
tetrad structure (as in Brochymena, Wilson, ’05 b, or Nezara, 
Wilson, ’ll a); and in the case of Ascaris felis, recently described 
by Edwards (’ll) this bivalent has a double cross-form, closely 
similar to that of the other bivalents save for the inequality of 
two of the components (op. cit., fig. 2). I do not mean to imply 
that either division-plane of the tetrad represents the actual plane 
of separation of the same two chromosomes that have united in 
synapsis ; on the contrary, I think it probable, as already indicated, 
that the original chromosomes may have undergone reconstruc- 
tion. What may be said is that one division is independent of 
bi valence, the other a consequence of it; and it is further clear that 
the former effects no reduction of valence, while the latter does. 
Whether we regard the autosoine-bivalent as to its origin or its 
fate, it has, irrespective of its relative size, double thechromo- 
somic value of a univalent in the maturation-process; and in 
this respect it is exactly comparable to an X 7-bivalent or an m- 
bivalent, in which one of the divisions is demonstrably a reduc- 
tion-division in the original sense. This value, or ^valence’ is 
reduced to one-half in one of the maturation-divisions. May we 
not here find a definition of the reduction-division that may be 
accepted even by those Avho deny the individuality of the chromo- 
somes, or wdio believe that synapsis is followed by actual fusion? 
We may define an equation-division as one that effects no reduction 
of valence, a as one that reduces the valence to 

one-half. This conforms exactly to the observed facts; a^d such a 
definition is, I think, equally consistent with complete disjunc- 
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tion or with a process of reconstruction subsequent to synopsis. 

I do not how the analysis can be carried further without (uiter- 
iug upon theoretical ground. Nevertheless, I do not lusi(ate (o 
accept the probability that the reduction-division, as tinis (lehtu'd 
involves a disjunction of chromatin-elenunits of some kijui tliat 
are involved in the production of the unit-factors of lu'redit\' 
and that the Mendelian disjunction may liere find its (explanation 
(cf, De Vries, ’03, Boveri, ’04). It seems to m(‘ tiiat lh(‘ eonehi- 
sions indicated by Boveri several years ago (’04) still remain ihe 
most probable; that is to say, that the degree 'of union may \ ar\ 
in different cases, involving sometimes no fusion (as is suggcsital 
by the history of the JV-pair), sometimes complete fusion, iri 
other cases no more than a partial exchange of material. This 
point will be again touched upon in connection with .laiiss('i s's 
theory of the ‘chiasmatype.” 

The point that I wish here to empliasizo is the validity of tin* 
conceptions of bi valence and the reduction-division, wlii(‘h hav(‘ 
been more or less explicitly denied by a number of wriU'j-s. 1 
accept, of course, the conclusion of Tlaccker ('07), Bomievi{' (’OS, 
Tl), Della Valle (’07), Popoff (’08) and others, that neither the 
heterotypicalform of division nor an apparent teti^ad-structuro is 
necessarily diagnostic of bi valence or a reduction-division. Tet- 
rad-like chromosomes have been repeatedly described in somatic 
divisions (see especially Della Valle, Popoff, cited above), and also 
in the univalent chromosomes of the second maturation-division 
a striking example of \vhicb is the TZ-chromosomc’ of Nezara, 
described in my seventh ^ Study.’ Bonnevie, especially, has 
demonstrated in Nereis and other forms the very close similarity 
of the somatic chromosomes (in the cleavagt^ of th(^ egg) to tlu- 
heterotype-rings of the maturation-divisions, fler co?icIusion is; 

Ich habe in ineinen Objeklen nicht nur fiir die Annalimc' eiiua H('duk~ 
tionsteilung keineii einzigen Beweis finden konnen; mcine rnt('rsuc}n.ing 
hat auch ergeben, dass die fiiiher in der heterotypischen Xatnr dcr <ast(‘n 
Reifungsteilung gesehene Stlitze eincT solchcn Aniialime siiiiiniflirii 
hinfallig sind ... Die beiden Reifungsteilung('n niii.'^sen duher, 
bis anderes bewicsen worden ist, als Acquntion.st(‘ilung(’n aufgchisst 
werden (;08, p. 271, Tl, p. 241). 



418 ' 


EDMTJ?n) B. WILSON 


Again, from the existence of tetrad-shaped chromosomes in cer- 
tain somatic divisions of Amphibia, Della Valle (^07) ^nclude^. 
“Tutte le precedente formazioni emolto probabilmente, quando 
esistono, anche quelle della profase del primo fuso di matura- 
zione, non hanno alcun rapporto con la reduzione cromatica, ina 
sono indice, di una costituzione patologica dei cromosomi”(!) 
Both the foregoing passages, I think, like others of like import that 
might be cited, overshoot the mark. The significance of ring- 
shaped or tetrad-like chromosomes must be judged from a more 
critical standpoint than this. We must endeavor to discover their 
real meaning in each case by the study of their origin, their behavior 
in successive divisions, their morphological composition (whether 
simple or compound bodies), their relation to the conditions 
seen in other species, and any other facts that may throw light 
upon them. By way of illustration certain specific cases may he 
mentioned. A very interesting one is afforded by the X-chromo- 
some of Syromastes (Gross, ’04, Wilson, ’09 a, ’09 b), which is unac- 
companied by a synaptic mate (F-chromosome) yet forms a con- 
spicuous Hetrad’ in the first spermatocyte-division. The reason 
here is that this ^chromosome’ consists of two components, 
which appear as separate chromosomes in the spermatogonial 
groups but in the maturation-divisions are associated to form a 
double element which behaves precisely like the single X-chromo- 
some of other species, and obviously corresponds to the latter 
because four such components are present in the diploid groups 
of the female (Wilson, ’09 b). The ‘ d-chromosome’ of Nezara 
is a different .but not less interesting case, always forming a con- 
spicuous Hetrad’ in the second spermatocyte-division, but appear- 
ing as a single chromosome in the diploid groups. These two 
apparently contradictory cases are brought under the same point 
of view — especially when compared with the analogous relations 
described by Morgan (’09) in Phylloxera, and by Browne (’10) 
in Notonecta — if we assume that in each case the chromosome in 
question was originally a single body which in Nezara shows a 
slight tendency to separate into two components, in Syromastes 
has already done so (cf. Wilson, ’ll a). Neither case offers 
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a real exception to the rule; for such ‘tetrads’ obviously differ 
entirely fjpmthe true tetrad^ of the maturatiori-processos, wliich 
represent synaptic pairs of the diploid groups. Perhaps an analo- 
gous case is that of Cyclops and Diaptomus, whore Haeokor ( ’95 
'02) long since demonstrated a cross-bar or suture in each eonV 
ponent of each bivalent; and since each of these coinpoiuuff is 
sooner or later longitudinally divided, double tetrads or ‘ditet- 
rads’ are thus produced. The work of Braun (’09) and .Alalschek 
(’09, TO) confirms this but, like that of Haecker himself, proves 
that the cross suture is without significance for tlu^ divisions, 
since both the latter are longitudinal (cf . also Lerat, ’05) ; while 
Krimmel (TO) has shown that in Diaptomus the transverse con- 
striction or suture is also present in the univalent chromosomes of 
the diploid groups in somatic cells. Haecker’s conclusion that the 
cross-suture represents the point of end to end synapsis is a quit(' 
unproved, and I think very improbable, assumption. In view of 
what is seen in Syromastes, ^^otonecta, Phylloxera and Nezara, 
it seems more likely that each univalent chromosome in these 
forms consists of two closely united components, of which the 
cross-suture is an expression. It seems quite possible that the 
number- of chromosomes might change in these animals by com- 
plete separation of the two components in case of one or more of 
the chromosomes. 

Keeping in view all such apparent exceptions, the fact remains 
that the heterotypic (or tetrad) form is a highly characteristic 
feature of the maturation prophase-bivalents, and that in this 
respect they show in general a marked contrast to the univalents, 
here and elsewhere. The meaning of this in case of the matura- 
tion-divisions is unmistakable; and the burden of proof may be 
left with those whose theoretical prepossession will not allow them 
to accept the natural explanation that here is manifest. 

5. The chromosomes and heredity 

That the chromatin-substance (more specifically that of the 
chromosomes) plays some definite role -in determination has 
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received fresh support in recent years from several sources. Direct 
experimental evidence that is nearly d not quite derqpnstrati’.-f^ 
has been produced through the work of Bovcri (’07) on multipolar 
mitosis, of Baltzer ('09, ’10) on reciprocal crosses in sea-urchii ^, 
and of Hcrbst (’09) and Godlewski (’ll) on the combined effects nf 
artificial parthenogenesis and fertilization in hybridization. 
direct but very strong evidence has been given by the demonstra- 
tion of a constant relation between particular chromosomes aiul 
sex and especially sex-limited characters (cf. Wilson, ’ll a, b, 
Morgan, ’ll, Gulick, ’ll). This evidence in no manner precludes 
the vieAv that the protoplasmic substances are also concerned in 
determination — indeed experimental embryology and cytology 
have produced very clear evidence that such is the case. The 
study of the nucleus, and especially of the chromosomes, offers 
however one of the most available paths of approach to a study of 
the activity of the gcrm-cells in determination, and for a detailed 
analysis of genetic problems in their cytological aspects. 

It has been widely assumed that the Mendelian segregation 
depends uponadisjunctionof chromatin-elements in the reduction- 
division, as was originally suggested by Guyer, Sutton, , Boveri 
and Cannon. It has, however, becomes obvious from the experi- 
mental data that if this be so, these elements can not be individual 
chromosomes of fixed composition. This Avas first seen to follow 
from the fact, now apparently well determined in certain cases, 
that the number of independent allelomorph-pairs may be greater 
than the number of chromosome-pairs. More recently the same 
result is demonstrated bV the work of Bateson and Punnett (’ll ) 
on ^coupling’ and ‘repulsion’ in certain plants, and by that of 
Morgan (’ll a) on sex-limited characters in Drosophila, which 
proves that an interchange of unit-factors must to some extent 
take place between homologous bearers of these factors in the 
germ-cells. The results of Morgan in particular nevertheless 
bring strong support to the view that the chromosomes are such 
bearers of unit-factors ; for the whole series of phenomena deter- 
mined in Drosophila, complicated as they seem, become at once 
intelligible under the assumption that certain factors necessary 
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for the production of the sex-Iiifiited characters aie horn hv 
tlie X-chrpmosome; and without this assninpiion th(w air whellv 
mysterious. 

Adopting this explanation, the history of certain of th. se sex- 
limited characters, as Morgan points out. deinaials tln^ furthor 
assumption that in the female the factors for thor characters 
may to some extent undergo an intercliangi^ hetw.a'n liie two 
sex-chromosomes (here two A"-chroinosonus) whii.' in the mah' 
such interchange does not take place. Sucii a diffiavnef' 1 h'( w.'en 
the sexes finds a perfectly simple explanation in cas.'s wluar fh.' 
A-chromosome of the male has no synaptic niati' s I'-ehroniosonKo. 
When a F-chromosome is present — as tnaij W the eas.' in Dros.:- 
phila according to the cytological observations of St.'vi'iis | ■{)S) 
the problefn becomes more complicated, but thm-(‘ aiv ^nne fad- 
that may be*significant in this direction. It is well known that in 
the male the sex-chromosonies coininoidy retain a eoinpact :u d 
rounded form (as ‘chromosome-nucleoli') througln.ut tla^ (Mitire 
spermatogenesis, and in some cases (Oncojxdius) tlnw conjugal (> 
while in this condition, and subseiiuendv disjoin wilhoiil ev.M* 
having undergone fusion or e\'en intiniati' union, such as is so 
characteristic of the autosomes during th(‘ inaturation-jiroccss. 
Unfortunately the oogenesis is as yi^t l)ut inipiudcctlv kimwii: 
hut there is considerable evidence that in soiik' forms tln^ s(^x- 
chromosoines exhibit a quite different ])ehavi(>r from that i-hai-- 
acteristic of the spermatogenesis. My own observatioe- 
seemed to show that in some of the Hemi])lera tin* s( x-clnomo- 
sonies do not in the oocyte retain a compact form at tlu' period of 
synapsis, or in the early growth-period, and the later olisci'vations 
of Foot and Strobell (’07) show that (he same is tnu' for later 
stages of the germinal vesicle. The work of Morril! (’lOj fnrtlna' 
shows that in the female the sex-chromosomes havi' alrcad\' con- 
jugated before the first oocyte-division. These fact mak(’ it 
probable that in these forms the sex-ehromosoiiK's of the ftmiale 
show, the same behavior in synapsis and reduction as tlu' auto- 
somes, and enter into the same intimate union tliat cliaracterizi's 
the latter. It is quite possible that iti these facts \\v may find an 
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explanation of the difference (X the sexes in respect to the inter- 
change of sex-limited factors that is proved to take place by the 
experimental results.^® 

There is no a priori reason why such a process of free interchange 
between homologous chromosomes may not take place in the 
somatic or diploid nuclei. It is, however, far simpler to assume 
that it occurs during or subsequent to synapsis; for it is only at 
this period that the homologous chroraosogies are intimately and 
regularly associated (cf. Boveri, Strasburger, '08, '09), It is 
these facts, taken together with the cytological evidence, that 
lead me to the conclusion already indicated that the synaptic 
union results in a reorganization of the chromosomes, and that the 
■ two moieties of the final prophase-chromosomes are probably not 
identical with the original conjugants, Janssens's theory of the 
chiasmatype (’09) gives the only simple mechanical* explanation 
thus far offered as to how such an orderly exchange of materials 
may be effected; and his conception has recently been applied in 
an ingenious mariner by Morgan (’11b) to an . explanation of 
both ^repulsion’ and ’coupling’ in heredity. The chiasmatype- 
theory has been criticized by Gr^goire and by Bonnevie on the 
ground that a strepsinema stage occurs in the division of somatic 
nuclei as well as in the maturation-prophases, and that the orig- 
• inal twisting together of the threads is in some cases followed by 
untwisting, without such a process of partial fusion and subsequent 
secondary splitting as is postulated by Janssens. There are two 
replies to this. One is that Janssens’ s theory is not an a priori 
construction but a conclusion based on a most accurate and de- 
tailed study of the actual conditions seen in the prophases of 
Amphibia which prove that such a process as he postulates must 
here take place. The other is that there is considerable evidence 
that a twisting together of the conjugating threads takes place 
in the process of synapsis, leading to a most intimate union of the 

It would, however, be rash to generalize this statement at present, for the 
observations of Buchner on the female Gryllus (’09) and those of Winiwarter and 
Saintmont (’09) on the cat, have demonstrated a nucIeolus-Iike body in the synap- 
tic*and later stages of the oocytes which may be the XX-bivalent, though this is 
unproved, and doubt is thrown-upoii the second of these cases by the recent work 
of Gutherz (’12). 
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two members of each pair, and followed by a longitudinal split. 

It would, no doubt, be premature (fefinitely to accept this conclu- 
sion at present; but it seems worthy of more attentive considera- 
tion than it has yet received. 

Turning to the more general aspects of these problems, in what 
sense may we be justified in speaking of the chromosomes as 
bearers of the ^deter^ners' or factors of determination? I have 
recently outlined in ^brother place (Wilson, ’12) my position in 
regard to this question, and will here only indicate its most essen- 
tial features. The- ^determiners' or ‘factors' on which unit-char- 
acters depend need not be reprded as independent, self-propa- 
gating germs (pangens, biophores, or the like); it is sufficient for 
our purpose to think of them in a more vague way as only specific 
chemicals entities of some kind. However they are conceived in 
this regard, it would be a fundamental error to regard them as 
‘bearers' of the characters that depend upon their presence or 
, absence; for every character is produced as a reaction of the germ 
considered as a whole or unit-system. Ch9,racters are ‘ borne’ 
(if the expression is permissible at all) by this system as a whole; 
and the ‘unit-factors' or ‘determiners' postulated by students of 
genetics need be considered only as specific, differcnlkl factors 
of ontogenetic reaction in a complex organic system. Many 
‘unit-characters' are known to depend upon a number of such • 
unit-factors, in some cases probably upon a large number; and 
they may be definitely altered this way or that by varying the 
particular combinations of these factors. But any unit-factor 
produces its characteristic effect only in so far as it forms a part 
of a more general apparatus of ontogenetic reaction constituted 
directly or indirectly by the organism as a whole. In all this, 
a striking parallel exists between the physical basis oi heredity and 
the complex molecular groups of organic substances such as the 
proteins. * The relation of the ‘determiners' to the qualities of the 
organism considered as a whole may be compared to that which 
exists between the protein ‘Bausteine' and the qualities of the 
protein molecular group as a whole. 

“Just as the qualities of a particular protein may be definitely altered 
by the addition, subtraction or the substitution one for another of parti- 
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cular side-chains or molecular 'Raustcine/ so the addition, subtraction 
or sirhstitutioii of particular 'determiners' or ‘factors' in the zygt)f^. 
calls forth specific responses that lead to the production of cor respond iiur 
characters. The reasoning that applies to the first of these cases seenis 
equally applicable to the se^nd. No one, I suppose, would hold in tht- 
first cas^that the particular molecular groups or 'Bausteine' concernril 
in the ofcange are ‘bearers of (i.e., are alone responsible for) the result- 
ing new qualities. Tlu* qualities of any protein, as Kossel has recently 
urged, belong to the molecule as a whole, and a^not to be regarded us 
the suin of the qualities of its constituent ‘ Bai^^inc.' Why should W(‘ 
regard in a different light the ‘determiners ^(chemical substances'.^;) 
concerned in the second case? They jirc, clearly, not to be regarded as 
‘ bearers' or ‘ physical bases’ of the characters which depend upon their 
presence or absence. They are, I repeat, only, differential factors of 
ontogenetic reactions tliat belong to the germ cons dered as a Avhole or 
unit-system” (Wilson, T2). 

Kossel (T2) makes the pregnant remark that every peculiarity of 
the species and every occurrence affecting the individual may be 
indicated by special combinations of protein ^Bausteine.’ The 
facts lead us to seek for such compounds (substances) in the chro- 
matin or the chromosomes. It can hardly be said that even a 
beginning has been made in the chemical investigation of the dis- 
tribution of the chromatin-substances within the nucleus. Cyto- 
logically, however, a long series of the most significant facts have 
been made known in respect to their groupings and modes of dis- 
tribution. Evidence steadily accumulates that these processes 
are perfectly ordered ; and the fact is now more than ever evident 
that they run parallel to the factors of determination and heredity. 
There has been a disposition on the part of certain writers of 
late to minimize the definite order of the morphological trans- 
formations of the nucleus (cf. Fick, ’07, Della Valle, ’09); and 
these authors, among others, have undoubtedly helped to create 
an impression that these phenomena, particularly as regards llie 
chromosomes, are too vague and fluctuating to afford trustworthy 
results on the side of cytological research. I believe this to be a 
backward step, though I am very ready to admit the service to 
accuracy of observation that may be rendered by so critical and 
sceptical a spirit. Plastic, and in some respects variable like 
other biological phenomena, these processes undoubtedly are; but 
the more one studies them in detail the stronger grows the con- 
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viction of an exact order that underlies their supojtioia! fluctua- 
tions, and one of which the main outlines are steadily' becomino- 
clearer. ‘ 

It appears to me that many of the r^nt cytologieal idvances 
support the view that the true key to this oialer was fl^n'd by 
Flemming when he chose the word ‘niitosis’ {'S2), aful by ]h>nx 
in his attempt to fin^he essential meaning of the mitotic proi‘ess 
(’83). This is well "fiustrated by the pro-synaplic plumorncria 
that have here been considered, and by the increasing body of 
observations that emphasize the importance of tlio mUotio tran.^- 
formation of the chromatin-substance. It is diflicult to sei* what 
meaning such processes can have if they do not iuvolvi^ a linear 
alignment of different elements (substances) which are thus 
brought into a particular disposition for ensuing processes of divi- 
sion (Roux) or of paired association (Strasburger)^*' I’lie practi- 
cal utility of such a conception for the analysis of genetic prob- 
lems has already become apparent. It is still only an hyjrothesis, 
but one which we may hope sooner or later to see subjected to 
definite experimental test. 

March 1, 1912. 
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PLATE 


EXPLANATION OF FIGURES 

All of the figures are from Oncopeltus fasciatus excepting 7 and 8, which are from 
Lygaeus bicrucis. Enlargement 2250 diameters. 

1-3 Spermatogonia! metaphases. Oncopeltus. 

4-5 Metaphases from ovarian cells. 

6 Spermatogonia! metaphase. Lygaeus. 

7 Metaphase of first spermatocyte-division. Lygaeus. 

8-13 Metaphases of first spermatocyte-division in polar view. Oncopeltus. 

14-17 Metaphases of same in lateral view, showing the sex-chromosomes near 
the center, 

IS Early anaphase of same division, showing all the chromoscwnes. The two 
at the right and the one at the left have been drawn displaced so as not to confuse 
the central group. 

19 Later anaphase, showing approach of the scx-chromosomes. 

20 Slightly later stage, showing the sex-chromosomes in contact at each end 
of the spindle.. 

21 Slightly earlier anaphase, from a smear-preparation, showing all the chro- 
mosomes. The sex-chromosomes already in conjugation at each pole. 


All of the figures of plates 1 to 7 have been drawn as far as possible with the 
camera lucida, though of course at so great an enlargement it has been necessary 
to finish much of the finer detail freehand. Many of them are the work of Miss 
Mabel L. Hedge, to whose skill ;ind painstaking accuracy especial acknowledg- 
ment is due. In many cases (as indicated in brackets) the same objects are shown 
by photographs on plates 8 to 9. It should be added that some of the finer details 
appear less clearly in the reproductions of these photographs than in the original 
negatives. 
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PLATE 2 

EXPLANATION OF FIGURES 

Onco peltus, excepting 28, 29, 45, 46, which are from Lygaeus. Enlargement 22.*)( i 
diameters. 

22-23 Final anaphases of the first division. The sex-chromosomes not visible 
in these views. 

24-25 Polar views of two daughter-chromosome plates from the same stage as 
the foregoing (from different spindles) showing the XT-bivalent near the center 
(no. 712). 

26-27 Similar views of sister-groups from the same spindle (no. 760). 

28-29 Sister-groups from the same spindle. Lygaeus. 

30-32 Interkineses, showing the chromosome -groups, the first in side-views, 
the others in face-view showing all the chromosomes (no. 760). 

33 Prophase of second division. 

34-35 Second division metaphase in polar view. 

36-44 The same in side-view, the sex-chromosomes seen separating in several 
of the figures (36-41, equal type, no. 712; 42-44, unequal type^ no. 760). 

45-46 (photo. 6) Second division metaphases of Lygaeus, lying side by side 
in the same section, one in polar view, one from the side. 
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PLATE 3 

EXPLANATION OF FIGURES 

Oncopeltus, from sections excepting 65, which is from a smear-preparation. 
Enlargement 2250 diameters, 

47-48 Spermatogonial telophases. It is uncertain whether this is the last divi- 
sion or an earlier one, 

49 Later spermatogonial telophase. Probably Stage a. 

50-51 Stage h, sliowing the massive chromatic bodies, the sex-ehromosonif-s 
readily distinguishable, 

52-55 Stages b~c, showing the process of unravelling. 

56-59 Stage d. Leptotene-niiclei. 

60 Transition to the synizesis. Synaptic period. 

61 Stage e. Synizesis, from a very clear specimen, 

62 Transition to the following stage. 

63 Stage /. Pachytene-nucleus. The threads apparently undivided, 

64 Stage /. Diplotene-nucleug. 

65 (photo. 10). Stage/, Diplotene-nucleus, from a smear-preparation. 

66-67 Stage g> The confused stage, showing plasmasome and both chronio- 

some-nucleoli (sex-chromosomes). Plasmasome at its maximum size. 
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PLATE 4 

EXPLANATION OF FIGURES 

Lygaeus bicrucis (68-73, 83, 84), Largus cinctus (74-82), Anax junius (So-S7), 
Auhurum (88-02). Enlargement 2250, excepting the figures of Achurum, which 
are enlarged 1500 diameters. 

68-70 Stage a. Earlier and later final spermatogonial telophases, from the 
same cyst. Lygaeus. 

71-72 Stage b. Lygaeus. 

73 a-73 b Stage d. Lcptotenc-nuclci. Lygaeus. 

74-75 Spermatogonial telophases, from the same cyst. Largus. 

76-78 Stage c. Largus. 

79-80 Stage d. Leptotene-nuclei. Largus. 

81-82 Stage/. Diplotene-nuclei. Largus. 

83-84 The same. Lygaeus. 

85-87 Stages 5-c. Anax. 

88-92 Stages b-c. Achurum. 
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PLATE 5 

EXPLANATION OF FIGURES . 

Phrynotcttix (93-9G), Lygaeus (97-100), Largus (101-104), Onoopeltiis (lUo- 
108). From sections, excepting 107, 108, which are from smear-preparations. 
The figures of Phrynotettix enlarged 1500 diameters, the others 2250 diameters, 

93-95 Spermatogonial prophases of Phrynotcttix. Fig. 93 is an early s1ag(‘. 
showing massive polarized bodies. The other figures show the uncoiling of tlie 
spireme-threads from these bodies, 94 in side view (photo. 31), 95 as viewed from 
the pole (photo. 30). Fig. 96 shows two successive stages lying side by side in tin- 
same cyst (photo. 32). 

97 The confused stage (Stage g) in Lygaeus. 

98-99 Early prophases (Stage h.) from Lygaeus. 

100 a~h Isolated chromusomc-nuclcoli, from Stages / and g in Lygaeus. showing 
various forms of the sex-chromosomes assumed during the growth-period. 

101-103 Largus cinctus. Nuclei transitional from Stage / (diplotene) to Stage 
g (confused period). 

104 Nucleus of the confused period. Largus cinctus. 

105-106 Early prophase-nuclei, Oncopeltus (early Stage h). 

107 (photo. 17) Slightly later prophase-nucleus of Oncopeltus, showing early 
bivalents. 

108 (photo. 18) Later prophase of the same, early Stage i. 
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PLATE q 

explanation of figures 

From smear-preparations of Oncopeltus (109-114) and Protenor (115-120r; 
Enlargement 2250 diameters. (X designates the X-chromosome, B the lar}r<> 
bivalent in Protenor, m, 7/z, the tn-chromosomes in the latter form. 

109-114 Middle and late prophases of the first spermatocyte^division, showing 
various forms of the bivalents during their condensation. In the earlier figmns 
the X-and P-chromosomes are short, longitudinally split rods (109-1 11) ; in the later 
ones they are shortening to a dumb-bell form (112-114). Two of the same nuclei 
are shown in photos. 20, 21. 

115-117 Early prophases (Stage h), the bivalents just emerging from the con- 
fused stage. The 7^-chromosomes are but vaguely distinguishable. 

118-119 Late Stage k, showing all the jjhromosomes, the bivalents still much 
diffused. 

120 (photo. 40) Nucleus from Stage i. 
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PLATE 7 

explanation or figures 

From smear-preparations of Protenor; 2250 diameters; (lettering as in the jnr- 
ceding pUitc). 

121-127 Middle prophases (Stage i) showing all the chromosomes. The hi~ 
chromosomes, now condensed, are separate in all but 124. In 126 the large biva- 
lent is a straight rod ; in 127 it is such a rod bent at the middle point to form a I 
(here seen edgewise so as not to show the longitudinal cleft. Some of the same 
nuclei are showm in photos. 41, 44, 47. 

128 (photo. 43) Abnormal nucleus in which the large bivalent is represented 
by a pair of separate univalents (LI, B) that have failed to unite in synapsis. 

129-131 Late prophases (Stage j). In 131 the chromosomes are ready to enter 
the metaphase-plate; (fig. 131 also in photo. 51). 

132-134 Early metaphascs. In 132 one of the small bivalents and the m-chro- 
mosomes appear abnormally large, owing to flattening. In 134 the ring tetrad 
to the left has been slightly displaced in order to show it more clearly. 
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PLATE 8 

explanation of figuees 

From photographs by the author. Enlargement a little less than 1250 diameters. 
Oncopeltus (1-5, 7-11, 16-24), Lygaeus bicrucis (6, 12-15, 25), Largus cinctus (26. 
27). Many figures of the same preparations, from drawings, are reproduced in the 
preceding plates, as indicated in brackets. Photos. 1-15, 26,27. from sections, 
the others from smear-preparations. 

1, 2 Spermatogonial metaphases. Oncopeltus. 

3 First division metaphase. 

4 Second division metaphase, 

5 First division metaphase in side view, showing the sex-chromosomes in the 
center. 

6 (Figs. 45, 46) Second division metaphases, one in polar view, one in side 
view, showing the initial separation of X and F. Lygaeus bicrucis. 

7-8 Stage d. Leptotene-nuclei of Oncopeltus. 

9 Pachytene-nuclei, just emerging from the synizesis. Oncopeltus. 

10 (Fig. 65). Stage/. Early diplotene-nucleus. From a smear. 

11 Stage g. Confused stage, showing plasmasome and both sex-chromosotncs. 

12 Stage e. Synizesis, Lygaeus, from much extracted preparation, showing tlie 
X- and F-chromosomes united. 

13 Above, the X- and F-chromosomes of Lygaeus in Stage /, attached in one 
case end to end, in the other side by side. Below, the same from early Stage g, 
showing also the plasmasome. 

14-15 Nuclei of Stage g, Lygaeus, showing the longitudinally divided X-chro- 
mosome, and (at the left) the plasmasome. 

16 Nucleus of the confused period (Stage g). Oncopeltus. 

17-24 Early, middle and late prophases (Stages hr j) from suiear-preparations 
of Oncopeltus. Photo. 17 (fig. 107), 18 (fig. 108), 20 (fig. 109), 21 (fig. 111). The 
sex-chromosomes distinguishable in each case. 

25 Late prophase-nuoleus of Lygaeus (Stage i-j), the X- and F-chromosomes 
readily distinguishable above towards the left. 

26-27 Stage 6-c, in Largus cinctus. The uncoiling of spiral leptotene-threads 
is clearly visible in the negative of photo. 27. 
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PLATE 9 

EXPLANATION OP FIGURES 

From photographs by the author. Enlargement as in the preceding plate. 
Photos. 28-38 from sections (28-32 from McClung^s preparations), 39-51 from 
smear-preparations. Photo. 28, Achurum, 29-32 Phrynotettix, 33, 34 Largus cinc- 
tus, 35-51 Protenor belfragei. 

28 Stage c in Achurum. The unravelling threads clearly shown in the negative. 

29 Early spermatogonial prnphase of Phrynotettix, showing the massive chro- 
matin-bodies just before the spiral thread is evident. 

30 (Fig. 95). At the left, polar view of the coiled threads during the early 
uncoiling, .spermatogonial prophase. 

31 (Fig. 94). The same stage (from a nucleus immediately adjoining in the 
same section) seen in side-view. 

32 (Fig. 96). Two adjoining nuclei, showing at the left an earlier, and at the 
right a later stage of the uncoiling of the spireme-threads. The drawing.^ of 
the.se and the preceding photo, show threads at other levels as well. 

33 Spermatogonial metaphase of Largus cinctus, 11 chromosomes, including 
one large pair. The X-chromosome is one of the smaller ones, and can not be dis- 
tinguished by the eye. 

34 Metaphase of diploid group of the female of the same species, 12 chromo- 
somes. 

35 (Fig. 1 Wilson, ^06). kSpermatogonial metaphase of Protenor; 13 chromo- 
somes. 

36 The same. In both these photos, the large X-chromosome and the large 
pair of aiitosomes are readily distinguishable. 

37-38 Diploid chromosome-groups of the female Protenor, showing the X-pair 
and the large pair of autosomes; 14 chromosomes. 

39 Protenor. Above, a nucleus of the confused stage (g) showing the elongate 
X-chromosome. Below are three final anaphases of the second division, showing 
the passage of the undivided X-chromosorae to one pole. 

40-51 Prophase-nuclei of Protenor. Photo, 40 (fig. 120), 41 (fig. 122) 43 (fig. 
128), 44 (fig. 121), 46 (fig. 129), 47 (fig. 127), 51 (fig. 131). 
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WOUND CLOSURE AND POLARITY IX TIID tl-INTACLK 
OF METRIDIUM MARUIXATUM 


WAYLAND M. CHIATKll 


EIGHT FIGCHKS 


The following study was begun by S. Slilluian lierry and tlic 
author- a,t the Zoological Laboratory of Jlarvanl Univ('rsity in 
1909, and continued by the author at Woods Hob' during Iho 
summer of 1911. Mr. Berry should l)e particularly crcdit(‘d with 
the initiation of the work’ on. polarity, and I liavf' made use of 
his notes and compared his results with mine in tiie ))rogress (d 
the study. I am indebted to Dr. Herbert W. Hand, iimit'r whose 
direction the study was made, for many helpful suggest-ions. 
Thanks are due Dr. F. B. Sumner, as Director of ihv .lai))om,tory 
of the Bureau of Fisheries at Woods Hole, fcjr facilit ies for work 
during the summer of 1911. 

The only previous study of the wound reactions of the teiitach's 
of actinians is that of Rand (’09). He desoriboa and analv/.od thn 
activities involved in the closing of wounded tentacles and di.s- 
cussed the phenomena- of polarity in the large soiithemi lortits. 
Condylactis and Aiptasia, found at Bermuda. 

WOUXD CLOSrilK 

The present observations were made upon medium sized mdi- 
Uduals of Metridium marginatum. AV hen expanded, t le ( o umii 
carries a disk that is of larger diameter than the colnnin and hms 
an outer zone, near its convoluted margin, of main row-^ o ui a 
ides, which axe conical. Those of the inner row an 
larger than the others.' The animals used hn (.xpnimon la 
a column 25 .to 35 mm. high and 25 to -lO^mm. in ( , 
tentacles of the inner row were 10 to 15 imn. m ^ ^ 
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diameter of 1 mm. at the base and 0.1 mm, at the tip. Except 
where otherwise stated the results are with tentacles of approxi- 
mately this size. 

A tentacle of such an animal, when fully expanded, was cut. 
off with sharp scissors about midway of its length. The imme- 
diate result was the collapse of the tentacle stump, owing to the 
pressure of the liquid within the tentacle being released; and this 
was followed by its contraction to the disk. The collapse and 
contraction of the tentacle were accompanied, however, by the 
bending of the adjacent tentacles toward it, and the contraction 
of the disk at that point, so that a marked indentation and infold- 
ing occurrred there. Then the disk as a whole rolled in and the 
column sphincter closed. The tentacle stump was hidden bv 
the adjacent tentacles and by the inrolling of the disk for nearly 
two minutes. At the end of that time the disk had regained its 
expanded condition and the tentacles adjacent to the stump were 
expanding. The tentacle stump was also expanding and, within 
five minutes, its distal end meanwhile having been closed, was 
extended almost as much as before the cut was made. The clos- 
ure of the tentacle had resulted in a rounded end, which carried a 
short and constricted nipple-like protrusion (fig. 1). Within 
half an hour the protrusion was, if anything, more constricted 
and th6 tentacle appeared more inflated than its neighbors, or 
than it was before the cut was made. The marked contrast to 
the adjacent tentacles is in part due to a^ change of shape, for it 
is now cylindrical from its base to the rounded end, whereas, 
before it was cut, it was conical. Figure 1 shows the difference 
of shape between the cut and uncut tentacle one hour after the 
cut was made. 

Light brown animals were found to be better for observation 
than the darker specimens. The endoderm of their tentacles, or 
a part of it, is black. At the constricted end of the cut tentacle, 
this shows^as a black plug in the axis (fig. 1). The exterior of 
the constriction is white and opaque, but where the tentacle 
resumes, its normal diameter this white color grades into the usual 
pale brown. The black of the endoderm as seen in optical section 
is shown in figures 1, 2, 4, 5 and 6 by stippling. 
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In experiment described the teutaele was on, n,idwav of 
Its en^h. The reactiotts m more tlran tift.v c-xpernoents with 
tentacles cut in this region varied somewhat, Imt the rev, dm 
regards the closure and the resulting form of the disi-,1 eiit end"' 
were in all cases like those in the experiment des, ribed 'I'he 
tentacle always collapsed after tlie cm and eontiaeted toward its 
base. There were, however, variations in t h,^ amount of act i\ ilv 
of the disk and the adjacent teutaeles. Sometimes the div'k 



Fig. 1 A normal tentacle and the stump of a stM'ond fenf.icle one littiir after 
removal of its distal portion. X o. 

Fig. 2 Stump of second tentacle twenty-four liours later. X 


showed no great movement. The tentacle stump collapsed and 
the adjacent tentacles bent over it. Sonietinn^s, in sluggish 
animals, the activity was limited to the collapse and contraction 
of the tentacle that was cut. Consequently the time of the first 
appearance of the stump after cutting and contraction varied; 
but fuD expansion always showed the same result. L sually the 
cut tentacle could be seen within five minutes, and was fully 
expanded within ten minutes. 
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When the cut was carefully made near the tip, not sa often 
did all parts of this series of results occur. If very near the tip, 
the tentacle alone reacted, scarcely contracting, the tip closing 
immediately before collapse could occur. If the cut was between 
the middle and the base of the tentacle, the series of reactions 
involving the stump, the adjacent tentacles and the disk almost 
always occurred, as described above, and the tentacle was hidden 
for a longer period. In either case, however, the closed end re- 
sembled that of the tentacle cut midway of its length, though it 
reached its normal expansion very quickly in a cut at the tip, and 
very slowly in a cut at the basal end. In the latter case five to 
ten minutes usually elapsed, and it was sometimes hidden for 
twenty to thirty minutes. 

The phenomena of closure and the resulting form were not 
greatly different from those found in Condylactis and Aiptasia 
(Rand, '09, pp. 195-201) . The polyps of the Metridium used had 
tentacles that, while tapering as in Condylactis, were very much 
smaller (one-ninth or one-tenth the length) . The basal <iiameter 
was also less than that of the cylindrical tentacles of Aiptasia. 
The resultant nipple was short, with proportions, relative to those 
of the tentacle, not greatly different from those of the nipple in 
Condylactis; but it was not as long, relatively, as that of Aiptasia. 
The thin black endodermic layer of the otherwise light brown 
tentacle of the Metridium polyps became very conspicuous 
nipple as an axial plug, while the tentacle wall showed a f^j. 
as in Condylactis, from the dense opacity of the nipple to mi. 
translucent brown of the tentacle. 

Rand (’09, p. 198-201) found that in the southern forms three 
successive phenomena are involved in the closing of the wounded 
tentacle. These are. first, a slight and immediate inrollingof the 
cut edge; secondly, the fonnation of a muscular sphincter or 
nipple; and, thirdly, the gradual replacement of the nipple by a 
closed rounded end. 

In a number of my experiments the wounded tentacle collapsed 
and contracted while the adjacent tentacles did not hide it. In 
these cases, the activities could be watched from the time of 
^wounding. When the cut was first made, the edges rolled slightly 
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inward, so that the diameter of the opening was perceptibly • 
smaller than that of the tentacle. The inrgllin^ ninst bo caused 
by an inequality of tension which is iionually pivsent in the cel! 
layers of the wall. 

As the expanding tentacle became hik'd with the body iluiil, 
the circular as well as the longitudinal imiscies r(Taxed, ('xci'pt 
■for the space of one millimeter at the cut <*nd. ('ons(M|U(*ntly 
the tentacle stump, except at its oxtroTim 1 if), ^^■as larger iji 
eter in the distal part of its length than bidnre it wns mit. The 
closure had been effected, following the initial ijiroHing, by tl^e 
formation of a prominent sphincter, presumably dim to the an ion 
of the circular muscles of a narrow zone at tlu' (mt end. 'V\w 
evidence of an existing sphincter began with t he ('xpansionof tlu‘ 
tentacle, and this sphincter gradually but ((uickly conIractiMl as 
the body fluid flowed into the tentacle. With the fnrniation of 
a nipple, the color of the region changer], th(‘ dark endodrrm 
becoming darker as an axial plug, and tlie ra'todmn brn'orning 
more opaque. The color of the nipple gradrHl ii>i o the light brown 

of the tentacle’s rounded tip. ^ 

That the nipple is muscular in character in t'omlylactis and 
Aiptesia is shown, according to Band (’09, p. 21(V), by these . 
The form of the cut tentacle is that of an inflated stracture eliisy 
by a strong contraction at its tip. The color of the mppC is hke 
that of tentacle tissue when under strong miiscular eontractiou. 
fhe denser color of the closed end shades into the 
at the place where t*uscular relaxation is found. Die quick 
ness of the sphincter-like action when the tentacle expands, 
indicates that the closure cannot be due to growth ''f 
amoeboid migration of cells. The stump upon * ^ 

times reacts by contracting, whereupon he 

. atimebutreappearsasthestumpexpands. 

end, which re-opens when '"^P^ 

orifice whose size varies inversely as the length of tnne after 

cutting of the tentacle. ..Un The color, 

Thel conditions were found in Mctndm 
form, and the quickness of the J „f the 

described. The re-opemug of a cut ena upu 
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stump was seen in almost all the animals observed. If the ten- 
tacle were stimilated to contract during the first hour after cutting, 
the nipple disappeared; but it quickly formed again when the 
tentacle expanded. 

It was found possible by means of chemical reagents to elimi- 
nate the muscular activity at the time when ordinarily the nipple 
formed. The Metridium was stupefied by chloretone, under the 
influence of which it was kept for a greater or less length of time. 
In some experiments magnesium sulphate instead of chloretone 
was used, but, while the inhibition of the muscles was successful, 
the secretion of mucus was greater and the animal was not so 
easily controlled. A few chloretone crystals were placed on the 
surface of the water. When the tentacles ceased to respond to 
touch, some of them were severed. The initial in-rolling of the 
cut edges occurred, but there was no contraction of the tentacle 
and no formation of a nipple. In all cases, eight hours after a 
tentacle was cut, the opening at the distal end of the stump was 
still present and there had been neither formation of a hippie nor 
change of color such as accompanies contraction of the tissues. 
The opening very gradually decreased in size during this time, 
but it was a slow radial closing with no suggestion of the nipple- 
like form. When the cut was midway of the tentacle, complete 
closure occurred in from ten to tw^elve hours. The animal was 
left in the chloretone during the closing of the wound and then 
returned to normal sea water. In the twelve experiments h 
which this was done, structural closure w^ effected without the 
formation of a nipple. In other experiments, when the animal 
was returned to nonnal sea-water at some stage before complete 
closure of the cut end, a nipple was fonned upon renewal of mus- 
cular activity. 

The third phase in wound reaction consisted in the structural 
closure of the cut end, accompanied by the relaxation of the nipple 
sphincter. Twelve to twenty-four hours after the nipple was 
first formed, the end of the tentacle appeared inflated, and was 
hemispherical in form (fig. 2) . During that time the nipple had 
gradually disappeared, but, for a few hours after the end became 
rounded, a white spot could be seen at the point where the nipple 
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had been. On the second day the tentacle was inflated, had a 
rounded end, and the color was alike in all parts. Not only was 
this permanent structural closure not effected by muscle action, 
but the muscular contraction of the nipple was diminished as it 
proceeded. It was a process of radial in-(4osiii^ so gradual as 
not to be perceived save by the observation that, at successive 
intervals, the nipple was shorter, and tlie oiKwujig, when the 
stump was stimulated to contract, was smaller. 

Some study was made of this closure of the cut edges after the 
muscle action was eliminated (fig. 3). In cut teut ach's subjected 
to chloretone there is a movement of tlie tissues of tlu^ tip radially 



Fig. 3 Camera sketch of longitudinal section of tin* di.stal cut onf) of a ttmtarlo 
stump afi.er six and one-half hours in chloretone solution. The ect.o<lerin and 
entoderm have proceeded beyond the inesoglca (black). X OH. 

across the enu oi ihe tentacle, tlie pressure of fluid within holding 
ihe end in rounded form as it closes. Tlu' pi'ocess is, iir effect, 
somewhat like the initial inrolling; but that is abrupt wliile this is 
gradual and slow. Other causes probably underlie the first inroll- 
ing of the edges. In the final closure, tlu' ectoderm moves in 
advance of the other tissues, retaining its normal thickness for 
some distance from* the edge, though the cells become arranged 
obliquely to the surface of the layer. 

The appearance of a longitudinal section of a closed tentacle is 
shown in figure 8, which represents the closed end of a tentacle 
fragment which was not subjected to chloretone. Near the region 
of union of the ectoderm of the opposite .sides of the orifice, the cells 
differ in shape from the adjacent normal cells, being much shorter 
so that ‘the layer is thinner at the region where the meeting occurs. 
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The endoderm lags behind the ectoderm in this closing process 
more so in some tentacles than in others. Its region of advaiic( 
is marked by a thinner layer of cells. The mesoglea is bent in b^ 
the inrolling process (fig. 7), but in the immediate region- of th( 
closure no mesoglea is found in any sections. In the region when 
ectoderm and endoderm are advancing beyond the mesoglea 
the muscle and ganglion cells do’ not appear, but the nettle celh 
and gland cells are abundant, except within a very limited regior 
at the immediate edge of the advancing layers, where the celh 
are shorter and irregular in shape and the cell walls are noi 
prominent. Here nettle cells and gland cells do not occur. ' 

The unequal tension of the layers seems to be a large factor ii 
the approximation of the cut edges; but other causes also work t( 
carry the ectoderm and endoderm ceutripetally across the cut end 
To a large extent this is done without great change in the layers 
Only very near the advancing edge are conditions seen which mon 
nearly suggest a migration of individual cells; but in this migratior 
the more specialized cells take little or no part. 

In th(^ normal closure of the distal end of an attached tentach 
stump, the cut edges are approximated largely by the action o: 
the sphincter, and closure undoubtedly occurs without grea1 
migration of individual cells or changes in the relative position o] 
cell layers. * Sections of such a tentacle stump, the animal having 
been kept in normal sea water twenty-four hours after the tentach 
was cut, show, in contrast with the conditions seen in the closuru 
of a detached fragment (fig. 8), that the cellTayers in the region ol 
closure are not shallow and irregular, and that both mesoglea and 
muscle cells are normally distributed. 

When the tentacle was severed obliquely, the closure took placf 
in the same way as when the cut was direefly across it. If th( 
ol^lique cut extended completely through the. tentacle, or nearly so 
the result was the formation of a nipple like that described, excepi 
that its distal surface was oblique to its axis. A sphincter former 
even if the cut included no more than half the transverse sectior 
of the tentacle. When the cut extended less than half way across 
there was a bend of the tentacle at the place of injury and a slighi 
contraction of the muscles near the cut. 
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POL.\IlITY 

The results of tactile stimulation showed in the iMetridium the 
very significant physiological polarity that was found by Rand 
(’09 j. p: 223) in the southern actinians. This ])olarity consists in 
differences in the reactions ointhe proximal and distal sides of the 
point of stimulation. My results, however, differ fr<uu those of 
Dr. Rand in the details of the reactions. When a tentacle is 
gently touched with a glass rod or needle point, tlnuT is a slight 
thickening of a narrow zone proximal to tlio iioint of contact. 
T^is is evident by the barely perceptible enlarge meut of the girth 
of the zone and by the lighter color as the wall becomes opaque. 
In sluggish animals, viewed under a low power lens, the lamtrac- 
tion is evident, not only by the change of color, but by wrinkling 
of the contracted band. This band is undoubtedly due to a con- 
traction of longitudinal muscle filxn-s, but. the contraction takes 
place only on the proximal side of the ]3oint of contact. In a, 
more vigorous animal, or with a strotigia- stimulation of the ten- 
tacle of a sluggish one, the touch of the needle point produces an 
evident bending of the tentacle at the place touched and toward 
the point of contact; and this may bo immediately followed by the 
swaying of the tentacle. The swaying, however, is produced by 
contractions that are entirely proximal to tln^ point of contact, 
and the di^al part of the tentacle is thereby lient stiffly first one 
way and then another. The bending ot the tentacle toward the 
point of contact is not always followed by the swaying of the ten- 
tacle. This latter part of the reaction to touch is similar to the 
reaction to the approximation of food, in which the tentacle moves 
to and fro. It differs in the localization of the muscular contrac- 
tion. In the touch reaction, the contraction is entirely proximal 
to the point of contact; in the feeding reaction, there may be con- 
traction in the whole length of the tentacle. In the reaction to 
touch, the distal part is moved by the bending of the proximal, 
in the feeding reaction tlie whole tentacle waves. If Uie tentacle 
is touched when the distal part is curved or bent, this part may 
appear to wave. . But it is simply carried through the water y 
the movement of the proximal part of the tentacle. A general 
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stimulus, such as food or the shaking of a tentacle, causes a re- 
sponse along its whole length. But when the stimulus was surely 
local, I did not see any contraction of the part distal to the point 
touched; and even when the tentacle was vigorously prodded, the 
distal reactions surely lagged behind those of the proximal part of 
the tentacle. 

A variation in the response sometimes occurs. Instead of a 
bending of the tentacle at the point of contact toward the stimulus 
the opposite result may occur, — the tentacle bends at the point 
of contact away from the stinmlus. We may call the bending 
toward the stimulated side, positive; the reverse movement, nega- 
tive. Mr. Berry^s notes show that he also saw both the positive 
and negative reactions, and the conditions under which they occur. 
The nature, of the reaction depends upon the general physiological 
conditions of the animal. It exhibits at least two distinctly 
different conditions, and these were often tested. When the ten- 
tacles refused food, many, if not all of them, responded nega- 
tively to touch stimulation. This condition was quite likely to be 
preceded by a state in which some of the tentacles reacted nega- 
tively and others positively, or one in which a tentacle responded 
first one way, and then with a succeeding stimulus, the other way. 
At such time, the animal was usually sluggish, and the reaction 
was quite often not accompanied by the swaying nor by any con- 
traction other than that of the narrow zone which first appears 
when a tentacle is touched. Also after the polyp had been taken 
from its attachment, and before it had become re-attached, or for 
a short time afterwards, the negative reaction occurred. After it 
had been attached for a day, the positive reactions appeared. 

Particularly significant are the facts, first, that there are two 
different actions, and, secondly, that in both the positive and 
negative bending, the muscular activity is proximal to the point of 
stimulation. 

A more general contraction of the basal part of the tentacle may 
follow the local bending and swaying, or it may occur at the same 
time as the local contractions. The proximal part of the contracted 
tentacle is thereby much shortened and its walls are thickened. 
In some instances the base expanded to a bulb-like shape, the 
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contraction of the longitudinal libers being aeooinpaniod by the 
relaxation of the circular ones. Emphasis should be given to the 
fact that the three features of the reaction to toucli, namely, the 
local zone of shortening, the bending at the point of stiinnlus, and 
the general longitudinal contraction, all involv(‘ only that part of 
the tentacle lying proximal to the point of stimulation. 

Parker (^96) observed that in IMetridium tlie cilia of the (H‘t.o- 
derm of the tentacle make a current in the water toward tlie ten- 
tacle tip, and that, by means of the cilia, excised tent acles move for 
a long time with their basal ends directed foi’ward. Tenta(‘io 
fragments were kept alive in my experiments sometimes for eight 
days, and in one of Mr. Berry’s experiments for a longer period. 
The cilia moved them during this time in the dii’cction of their 
basal ends. Dr. Rand found that in Condylactis and Aipt asia als© 
the cilia of the tentacle beat toward the tips of the tcaitacles. 

One series of our experiments dealt with the behavior ‘of the 
cut ends of the excised part of the tentacle. When tin' exi)anded 
tentacle was severed, if carefully done, the jiart cut off contracted 
in length but slightly, as compared with th(^ stump, but an (excised 
part never regained its full expansion aftej* it contractcal. After 
excision the tentacle was cut into two oi- more pieces. The hwel 
of the cuts varied in different experiments. The following results 
are from an experiment in which, after the tentacle was severed 
from the animal, two cuts were made, dividing the excised tenta- 
cle into three fragments (fig. 4, a, 6, c) Th(^ tip (c) was first cut off . 
It scarcely contracted, while the proximal fragment contracted 
greatly. When, after a few minutes, the proximal fragment had 
expanded, the cut between b and a was made. The distal frag- 
ment resulting from this operation scarcely contracted, but the 
proximal part, contracted strongly. Under low magnification all 
fragments showed transverse wrinkles; these are not shown m 
the figures. 

The activity of the distal ends of a and h (fig. 4j should be com- 
pared with that of the distal end of the attached stump from wdneh 
the tentacle had been cut (as in fig. 1). At the distal cut end of a 
fragment the abrupt initial inrolling of the edge was followed by a 
process of quite different character. The opening became smaller 



462 


WAYLAND M. CHESTER 


and in s6me cases was closed within a half hour, though in many 
experiments it took five or six hours. Viewed by transmitted light 
under low‘ magnification, the dark endoderm at the cut end 
appeared contracted for a distance that corresponded to th^ length 
of the nipple on an attached stump. The ectoderm of the same 
region was white and opaque, the opacity diminishing peripherally 
as in the stump end. On the second day the distal ends of the 
fragments were closed and rounded (fig. 5, a and 6). The activity 
at the distal ends of excised pieces is therefore much the same as 
that in the end of a stump. At the distal end of an excised frag- 
ment three is a muscular contraction corresponding to the tempo- 
rary^ muscular closure in the stump. But the sphincter in the 
fragment does not close so tightly and a nipple is not often found. 
A structural closure occurs similarly in* the stump and the distal 
tips of the fragments (compare figs, 2 and 5). 

In order to compare further the behavior of distal cut efndswhen 
the tentacle is attached and when it is free, I performed the fol- 
lowing experiment a number of times with uniform results. A 
piece of tentacle was cut off and when the stump had formed its 
nipple, the end with the nipple was cut off and allowed to fall to 
the bottom of the dish. The fragment collapsed and the nipple 
disappeared. When this fragment of tentacle had partially ex- 
panded the distal end became more rounded, like the distal cut 
end of a tentacle whose tip had been cut off after the tentacle was 
severed from the aninral. As in such a distal cut end, the walls 
were opaque and slightly constricted. 

Polarity is shown in the difference of activity of the proximal 
and distal cut ends. Wlale on the 'attached stump a temporary 
muscular nipple was formed within half an hour after culfting, 
there was no evidence of such closure at the proximal end of the 
■free tentacle (fig. 4, a). The end was open, a condition sharply 
contrasted with that of the closed nipple which marked the other 
cut end resulting from the same cut. The slight inrolling seen 
in the stump immediately after cutting was seen here also, but 
the opening was irregularly outlined and the wall was wrinkled, 
sometimes deeply so. Figure 4, a, shows such an end, ^x hours 
after the cut was made. ^Twenty-three hours after the cut was 
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made, and when the end of the tentacle stump had- become 
rounded and closed (as in fig. 2), the excised tentacle was still 
bpen at its proximal end, but the infolding had increased and 
the opening had diminished. There had been no contraction of 
circular muscles, and the wall was strongly wrinkhal in a longitudi' 
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i Excised tentacle cut into three fragments, six l.oiirs aftim cuts were 

The three pieces are placed in their original orientation. Xo. 

5 Same fragment, s as in figure 4. Iwenty-tliree hours afPir the cuts were 
6^ Excised tentacle;fi, ti.ree days after cuttingi_6, c, the portions ot the 
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same tentacle fchirly minutes after being cut in two. X5. 


nal direction (fig. 5, a). The wrinkles remained evert after the 
tentacle end became temporarily or permanently closed, m uct, 
as long as the tentacles were kept alive. The proxiinal end of the 
middle piece (b) was also open during the twenty-three hours o 
observation (figs. 4, 5) and its wall was wrinkled. The opemng 
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was large and its outline angular. The tissue around it was not 
opaque. The distal end of the inner piece (a) — on the opposite 
side of the same plane of cutting'—was smooth. It had, at first* 
a small round opening and the surrounding tissue was opaque 
(fig. 4). Twenty^three hours after cutting, it was closed (fig. 5). 
The proximal end of c and the distal end of h showed the same 
contrast, except that the walls of the proximal end of c were not so 
prominently wrinkled. Only ip the case of cuts near the tip of 
the tentacle, where the diai^Retcr was very small, did the two 
openings resulting from the cut become nearer alike in size and 
the cut ends similar in smoothness; but in no proximal ends did 
opaque tissue appear, and nothing was found that indicated a 
reversal of polarity as found in Condylactis (Rand, ^09, p. 225), 
where a nipple formed for a short time at the proximal end of 
the most distal fragment. Figure 6, representing tentacle frag- 
ments of a larger animal, illustrates the same polarity .i In this 
case the fragment (a) was severed from a tentacle and three days 
later was divided into the two pieces, b and c. Thirty minutes after 
the latter cut was made, the constriction on the distal end of h and 
the open wrinkled appearance at the proximal end of c were 
evident. The two adjacent ends of the fragments, proximal and 
distal, very evidently react in unlike ways. For, even in those 
cases where the distal end does not completely close by muscle 
action, its rounded and smooth surface, its small circular hole and 
opaque tissue are in contrast with the wrinkled walls, the large 
irregular opening, and the lack of opaque tissue of the proximal 

cut end. 

♦ 

A series of twenty excised tentacles, kept in chloretone solutions, 
was watched. The animal was kept in chloretone until there 
was no response to touch. A tentacle was then severed and a 
piece cut away from its distal end. After care had been taken to 
see that the walls were not held together by the pinching of the 
scissors, the closure of both proximal and distal ends was watched. 
As was the case in the attached tentacle stumps in chloretone, all 
trace of anything like nipple formation was lacking at a distal 
end. The abrupt initial inrolhng was followed by the slow in- 
bending of the edges toward the center. The opening was reduced 
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more than one half during ei'ght hours of watching. There were 
shallow longitudinal wrinkles in the wall, but the distal end had 
a more rounded outline than the proximal one, After the return 
to normal sea water (seven to eight hours after the cutting), the 
distal end became smooth and rounded, as in the normal closure 
of the distal end of an excised fragment. Some fragments were 
taken from the chloretone solution and fixed. Conditions found 
in the sections of these fragments are not different, as r(^ganls 
distal ends, fr«m those described fo^the attacluvl stump in chlon^- 
tone. The proximal end of the pieces in chlorotoao is sfrongly 
wrinkled longitudinally and the walls are wry deeply inrolled. 
Except for the extent of the inrolling, no difference exists between 
the closure of a proximal end in normal sea water and iji chlore- 
tone. 

In another series of experiments thirty-six tentacle fragments 
were sectioned at certain intervals after excision, to corroborati* 
thb seeming closure of the distal ends and to see if the proximal ^ 
ends remained open. In these fragments, as observed alive in a- 
watch glass, some proximal ends were oper^ but many seemed 
closed. Eleven fragments lived in watch glasses for two days 
after excision, when they were fixed; the remaining tw(mty-five 
were fixed after four days. 

Sections show that the distal ends of all but one were structur- 
ally closed. This one had both ends open before fixation and 
cellular debris streamed from either end. It was evidently in a 
state of disintegration. Twenty of the thirty-six proximal ends 
were open, ten were obviously closed, and six doubtfully so. Four 
of the tentacles, taken from a large animal, were larger than the 
others, measuring 20 mm. in length and 2.5 mm. in diameter at 
the base. Size, however, does not seem to be a factor involved; 
for of the four larger tentacle fragments, two were structurally 
closed: The ten closed proximal ends show, in the sections, a 
much stronger inrolling than any distal end (fig. 0- walls 
of the proximal effds are brought close together before changes in 
the thickness and relative position of the layers occur. At^the 
distal end, the ceil layers of the very small region of union {co'jcL, 
fig. 8) are thin and the cells have no walls or are irregular in shape. 
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The region of union* at the proximaF end is sinailar in extent and 
character. Around this region of union is one in which the cells 
of the ectoderm are oblique to the surface of the layer. ' Nettle 
cells (fig. 8, nm^cys,) and gland cells (cL muc.) occur here, but the 
nerve layer and mesoglea are not found. This region js very 
narrow at the proximal end. 



8 

Fig. 7 Camera outline of longitudinal section of excised tentacle whose tip 
was removed at time of excision. Four days after excision. X 30. 

Fig. 8 Distal end of tentacle exhibited in figure 7, showing the region of clos- 
ure of the tentacle. X 100. ms’gl., mesoglea; st. n., nerve layer; co*jct., region 
of ectodermic union; nm'cyf?., nematocyst; cl. muc., mucus cell. 

Some grafting experiments were made to sec ifthe polarity is 
reversible. The Metridium was kept in chloretone until it no 
longer responded to touch. A tentacle was then cut off n^ar the 
base and its tip removed. Through the lumen of the tentacle 
fragment was thrust a bristle, by which it was carried to an 
attached tentacle which had been cut at such a level that its cut 
edge was of nearly the same circumference as the edge to be grafted 
upon it. The apposition of the edges was difficult, because the 
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tentacle fragment always collapsed and tlie edges of the tentacle 
stump rolled in slightly. If the edges were successfully brought 
together, the bristle was then left in the luiuiua of the tentacle 
stump and the fragment, and the fragment was held in place for 
a time by forceps. To graft to a stunij) such a tentacle fragment 
in its normal orientation was less difficult than in the revers(Hi 
orientation, because the fragment, as when free, tended to move 
in the direction of its original basal end. As this tendency in the 
reverse graft w^s away from the stum[), the fragment liad to be 
held to the stump against the action of its cilia. 

The graft of a fragment on to an attached stump in norma! 
orientation was made twice successfully. On the following day, 
the grafted tentacle fragment r(‘sj)()nded to touch like an excised 
tentacle, while the stump to which it was grafted was not inchidetl 
in this response unless the stimulus was severe. Twenty-four 
hours after grafting in one case, forty-eight in tlie other, the tip 
of the grafted piece was cut off. Thereupon the cut ejul closcal 
with the formation of a nipple, as in a normally attached tentacle. 

The reverse graft was successfully inad(^ pnly once, and thils 
was not very satisfactory. Whether tlie proximal end of th(^ 
fragment, which was reversed in the process of grafting so that it 
became the distal end of the tentacle, remained open wlven tlie 
animal was returned to normal sea water, could not b(^ did.ermined, 
since the animal remained contracted for sonu' time after the 
operation. When the grafted tentacle could be seen, the end was 
found to be' open; but after three days the graft was constrictiHl 
off and was dead. 

Two tentacle fragments cut at both ends were held togetlier on 
a bristle, or were held in contact between piecjes of cover glass. 
By these means, a number of reverse grafts with the bases together 
and a few with the tips together were made. Grafts of the former 
kind sometimes found among the fragments in the chlore- 
tone solution when two fragments, moving as they do in the direc- 
tion of their bases, had opposed each other long enough for the 
edges to unite. The grafts were kept in chloretone for eight to 
ten hours, and thereafter in sea- water. The line of union of the 
two fragments was marked by a groove. This groove remained 
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during the time the two fragments were kept under observation, 
but at the end of the, experiments it was proved by study of sec- 
tions, that the cavities of the grafted ’pieces were continuous. 
On each dhy after union, tests were made to determine the direc- 
tion of ciliary motion, and the responses to touch. The cilia 
were not reversed in any of the experiments; but moved in opposite 
directions in the united fragments. Whether, in response to 
touch, the tentacle bent toward or away from the point of contact, 
could not always be determined, but in response to a slight touch, 
the contraction was alw^ays proximal to the point of contact for 
that graft fragment, while the response did not extend to the other 
■fragment. Finally, when the ends of such grafts were cut off, 
each grafted part behaved as if it were separate. In the grafts 
wdth the basal ends united, the cut tips contracted slightly, and- 
in a few hours became rounded and closed like, distal ends of free 
excised fragments. In the grafts with distal ends united the cut 
ends continued to behave like proximal ends, remaining open for 
a long time without constriction, and showing the wrinkles 
p'eculiar to proximal ends. In Metridium, therefore, no reversal 
of the ciliary or muscular polarity in the tentacles was found to 
occur. 

SUMMARY 

Metridium exhibits the same method of closing a cut tentacle 
that was found by Rand for other sea anemones. When a part of 
the tentacle is cut off, the cut edge of the attached stump rolls in 
slightly as the tentacle collapses. The adjacent tentacles -may 
bend in tow'ard it, and the neighboring region of the disk may be 
invagi nated. As the cut tentacle expands, a small, muscular, 
nipple-like sphincter closes the end tightly, Tilthin tw^elve to 
twenty-four hours after cutting, the tentacle becomes structurally 
closed and the sphincter is gradually relaxed. 

In an excised tentaclt whose tip is cut off, the distal cut end 
becomes rounded and shows, by its shape and change of color, 
evidence of muscular contraction comparable to that which pro- 
duces the nipple of th^ attached stump, although the end does 
not actually become nipple shaped. If the end of an attached 
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stump which has formed a nipple is cut off, the nipple loosens 
and the en15 which previously bore the nipple assumes the appear- 
■ ance of the distal cut end of an excised tentacle whose tip was cut’ 
away after excision of the tentacle. 

' When the animal is kept in chloretone solution until there is 
no response to touch, muscle action being ther(’fore (eliminated, 
the cut tentacle does not form a nipple. The initial iubending 
occurs, and the opening grows gradually smaller by means of a- 
slow radial closure, which is completed iu ten to tweh’e hours. 
The nipple, therefore, results from muscular contraction. 

Polarity is seen to exist in Metridium tentacles, not only in the 
well known fact that the effective stroke of the cilia is always 
toward the tip, but also in the reaction to touch. This reaction 
consists in contractions wliich are proximal to the point of con- 
tact. Contraction of a narrow circular zouq lying immediately 
proximal of the point of contact is succeeded l^y a bend toward, 
or in some conditions away from, the point of stimulation, and 
this may be accompanied by a general contraction of the ju’oximjii 
portion of the tentacle. Reactions in the excis(‘d’(.eut!icl(‘ are 
similar but weaker. 

Polarity is shown also by differences in tlie wound-closing 
reactions of the proximal and distal ends of excistni tentach^s. 
In the distal cut ends the opening is temporarily closed or reduced 
by a constriction comparable to, but not as pronounced as, that 
which forms the nipple on an attached stump. The proximal ; 
ends show no evidence of such a constriction. A rounded form 
without wrinkles is characteristic of tlu^ distal end. The optming 
of the proximal end is irregularly outlined and the walls are dee})ly 
wrinkled longitudinally. Jhstal ends become structurally closed 
and present a smooth, rounded surface. Proximal ends sometimes 
remain open, but iu other cases close. When they close, deej) lon- 
gitudinal wrinkling is charactei’istic. 

Ten-tacle fragments which were kept in chloretone in order to 
eliminate the muscle activity close their distal ends by a slow 
radial movement of the layers of the tentacle wall. The walls 
of the proximal ends of such fragments are wrinkled longitudinally 
and are strongly inrolled; they may or may not become closed- 



470 


WATLAND M. CHESTER 


Inverse grafts of two tentacle fragments, base to base, or tip to 
tip, show no reversion of ciliary action. The reactions to touch, 
and the closure of cut ends in such grafts are the same as in similar 
fragments which have not been grafted. 

In regard to the character of the mechanism involved in the 
polarity of muscle action — the proximal muscular response to 
touch and the temporary closure of a distal wound by a muscular 
sphincter — my experiments add little to what is already known for 
other sea anemones. The results do not show with any definite- 
ness to what extent the muscles involved in the movement or 
closure of the tentacle are dependent on nerve mechanism. This 
point is fully discussed' by Hand with reference to the results of 
the study of other sea anemones. My results upon Metridium 
arc similar to his. We might infer that the Metridium tentacle 
contains very short nerve fibers in which the impulse runs only 
toward the base of the tentacle, and that there are separate sets 
of nerve cells for the endodermal circular and the ectodermal 
longi tudinal muscles. But it must be remembered as an argument 
against the existence of such a simple mechanism that Band 
found evidence of a reversal of polarity in distal pieces of Con- 
dylactis tentacles, where proximal cut ends exhibited temporarily 
a more or less distinct nipple. If the muscle fibers, and particu- 
larly the circular ones, act without nerve control, it is still not clear 
why there should be one result on one side and another on the 
opposite side of the same plane of cutting. 
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ARTIFICIAL PARTHENOGENESIS AND HYBRIDIZA- 
TION IN THE EGGS OF CERTAIN 
INVERTEBRATES 


MAX MORSK 

Trinity College, Harfjord, Cotmecdcut 
INTRODUCTION 

The experiments described in the following pages are to be 
placed in three divisions : 

1, Experiments in the production of polar bodies and cleavage 
in Cerebratulus by artificial means. 

2» Experiments relating to artificial hybridization between 
Cerebratulus and certain other invertebrates^ wherein the com- 
bination of the power of the spennal.ozoon of the foreign animal 
and of the efficient parthenogenetic reagents discovered in the 
first set (1) of experiments was utilized, to induce hybridization, 
where the influence of the sperm alone was found to be inefficient. 

3. Experiments which may be described as by-produ(ds of 
the principal work, such as the following: fa) Effect of sperm 
extract; (b) Effect of the phospholipine, dccithiiF in inducing 
changes in unfertilized eggs of Arbacia; (c) Role of hydrogen 
and hydroxyl ions in artificial parthenogenesis. 

The conclusions which seem to be valid from these experi- 
ments are as follows: 

1. Cerebratulus laeteus and marginatus resemble several other 
invertebrates in their refractoriness in response to reagents which 
readily induce ' artificial parthenogenesis in certain foims of 
animals. 
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2. When reagents are at all effective, they produce polar body 
formation^ and early morulas, but none were found ^ cause 
farther development. 

3. Such reagents as are effectual in causing even this develop- 
ment in the unfertilized egg aid artificial hybridization with for- 
eign spermatozoa, as far as could be determined, in no manner. 

4. Artificial hybridization was found to be possible in but one 
instance, namely, the spermatozoa of the mollusk, Ilyanassa 
obsoleta. 

' 5. Extract of sperm, made by killing the spermatozoa at 40°C., 
did not induce egg development in Cerebratulus, nor in Arbacia. 

6. Lecithin from the hen’s egg and from eggs and spermatozoa 
of Arbacia produced no effect upon the eggs of ^rbacia. 

7. Tlie conclusions of Jacques Loeb concerning the r61e of H 
and OH ions in .artificial parthenogenesis are favored by these 
experiments. 

MATERIAL AND METHODS 

The work was primarily planned to cover section 2 of the above 
sets of experiments, using the clam worm found so readily in full 
breeding season at the Harpswell Laboratory, South Harpswell, 
Maine, during the summer months., from June until September, 
but as explained above, it was necessary first of all to study in 
detail the various reagents which have been used effectually in 
other instances, but not at all, as far as I know, upon any nemer- 
tcan. In order to corroborate the work upon material from an 
entirely different locality and under entirely different circum- 
stances as to environmdit, etc., a study was made of the clam- 
worm found at New Haven, Connecticut, which is sexually mature 
during the months of March or April, according to the season. 
Finally, the work upon Arbacia and some other forms was carried 
on at the Marine Biological Laboratory, Woods Hole, Massachu- 
setts. 

I am greatly indebted to the officers directing the three labor- 
atories at which I worked, namely, the Harpswell Laboratory, 

^ The nucleus of the egg prior to fertilization rests in the in^taphase of the first 
polar body formation until the spermatozoon enters, when the mitosis proceeds 
through anaphase and telophase. 
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the Marine Biological Laboratory and the Sheffield Laboratories 
at Haven. My thanks are especial!}' due to Pi-of. Wesley 
R. Coe, of Yale University, whose wide acquaintance of the breed- 
ing habits and cytology of Cerebratulus juaterialh' aided in in; 
work: I am indebted, likewise, to Prof. Jacques Loch and hi, 
associates at the Rockefeller Institute Lahoi-atory at Woods Hole, 
who placed at my disposal an abundant supply of sea-urcliins’ 
ovaries and testes, which were not deman d(Mi iji the work of 
Professor Loeb’s Laboratory. Prof. Ralph Lillie and Dr. J. F. 
McClendon likewise contributed a supply of similar material, 
without which I could not have obtained sufficient lecithin for 
the work with this compound. 

The methods used in the different experiments naturally vary 
according to the procedure, but it may be of advajitagc to 
describe the principal ones which are applicable throughout. 

Fresh-water (sweet-water) was used throughout to sterilize 
instruments and dishes from contaminating s])crmatozoa and 
recourse to heat or chemical sterilization was avoided as hindering 
th^ experiments in time and in danger of introducing a variable 
wholly apart from any which might come in from natural sources. 
The Harpswell Laboratory is so situated that the purest of sea- 
water free from spermatozoa of Cerebratulus may bo readily ol)- 
tained by taking a motor boat off shore for a mWe or .so at flowing 
tide. Moreover, in this laboratory, the temperature was low 
(on the table upon which the finger-bawls were placed, tin; air cur- 
rent seldom ran above 17T.) and it was only cxeeplioTially nec- 
essary to resort to ice-boxe.s. Hence, the normal environmental 
factors were kept as nearly as possible throughout these experi- 
ments. There are no large cities near the Harpswell Laboratory 
and the conditions as far as contamination ^dth decaying organic 
matter which might modify results, are not to he considered. 

The worms were taken at about three-day intervals and the 
females and males were kept isolated in battery jars beneath the 
laboratory, where the temperature was even lower than in the 
work rooms above. It was found necessary to isolate not only 
males from females, but the individuals in every case from other 
individuals, owing to the fact that the sex products were shed 
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when the individuals were allowed to mingle and through their 
disintegration the water fouled and the specimens suffered. 

Conditions at New Haven were quite different, which is a val- 
uable check to the Maine experiments. Here the worms live in 
sea- water which has a large fresh- water dilution. Moreover, 
the sewage from the city must exert a decided influence in altering 
the character of the sea-water. 

Finally, at Woods Hole, there was an unfortunate dearth of 
favorable material of Arbacia, during the season of 1911, which 
did not permit of as extended a series of observations as otherwise. 
Only eggs where the check gave decidedly favorable results were 
used and at times it was found difficult to procure many individ- 
uals answering this requirement. 

Environmental conditions 

Certain determinations of environmental conditions were made 
which may be of some value in regard to the experiments conducted 
upon the same material (Cerebratulus) but at different times and 
places. I shall present these data in table on page 475. 

It will be seen that the water at Woods Hole and at New Haven 
run similarly, while the Harpswell water has a higher acid content 
(or lower OH content). Whether this difference is due to the 
sewage in these cases, I cannot determine, but I should be inclined 
to assume that this is not the case, at least at Woods Hole, for 
the water from Vineyard Sound is comparatively clean, judging 
from determinations of nitrates and nitrites and other factors 
determined by the United States Bureau of Fisheries survey of 
1904-09. It is probably a matter of normal constituents. The 
water at Harpswell comes partly from the cold Arctic Current- 
which bathes the Guff of Maine, while the Long Island and Vine- 
yard Sound water comes largely from the Gulf Stream. 

Such are some of the environmental conditions which may have 
some bearing upon the following experiments with Cerebratulus. 

^Oceanographers are abandoning the idea of a current of this nature and 
explain the cold water of the Gulf of Maine as coming from cold depths. 
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The data for We^ds Hole wer^ put in for comparison, but with 
lio direct bearing upon the present problems. 


BNVlBOKlrBNTAl. CQNDmON ^ .VEW HAVEN 


HAKPSWELl, 


WOODS HOI.E 


Sea>water density 

Temperature I 

Alkalinity of sea-water^' 
as- determined by^ 
reaction to: 

Phenolphthalcin , . . | 
Neutralrot I 


1,0195^ 

U°C.^ 


distinctly red^ 

= N10~‘3 
yellow 


1 , 0238 =^ 

15“C, 


colorless 
= NIO-” 
orange 


1.024 

1S“C. 


distinctly red* 

= XKr^* 

red’ 

- NIO-'fl 


1 On the Gay-Lussac hydrometer scale, double glass-distilled water .at 15‘’C. 
giving 1000. The New Haven density was taken from water drawn from the sea 
at Rock, at the, site where the Yale University Laboratory for marine work 
is to oe erected. 

’ Read ofi HaskelPs Island on flood-tide by Prof. T.oring Harrows, Oeparlinent 
Geology, Trinity College, to whom the writer is indebted for the kindness, 

^ Taken at New Haven, April 27, 1912, at Harpswell, surface of open sea off 
Haskell's Island, 16.5 at 9.00 and Woods Hole July 6, Government Wharf at Ihc 
U. S, B. F., at 12.00. Time data will be expressed in this paper from 1. 00 to 24.00, 
beginning at midnight. 

* Determined by titration with indicators. This, of course, gives only the 
metal-replaceable hydrogen andmot the true hydrogen ion content (sec Hdber '99 
and Friedcnthal ’10), which can be determined by conductivity determination. 
There is doubtless considerable difference between the.se two factors in sea-water 
where sewage brings in organic matter and where the COz component must vary 
widely. Unfortunately, no conductivity determinations were possible at Harps- 
well and none have been made elsewhere. For this reason, no comparison could 
be made unless such were the case. It may be explained that by ‘alkalinity’ is 
meant the preponderance of alkali metals (Na, Mg, K, Ca) which arc united to 
COi and is quantitative expressed by the older method of Tornoe 76 in cubic centi- 
meters of GO 2 ; but compare Fox ’09. 

^ Friedenthal ’10, p. 546. 

* Quoted from Locb '09, p. 45, the determination made ‘im Laboratorium,' but 
Dr. J. F. McClendon writes me that water taken from the U. S. B. F. wharf gives 
a faint rose color with phenolphthalcin, thus making the OH content N10~^*or 
even lower. 

McClendon, by letter. 
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Discussion of experiments dealing with artificial parthenogenesis 

Table 1, showing the details of the experiments whiql^ were 
conducted to show what the behavior of Cerebratulus eggs would 
be to the reagents which have been used in artificial parthenogene- 
sis, may be summarized as follows : 

1 . The reagent most successful and most certain of results was 
found to be saponin, which has been introduc^into this work 
by* Jacques Loeb (’98). The power of this amorphous glucoside 
is doubtless wholly that of a dehydrating agent, absorbing water 
from the eggs and therefore not chemical in its action. 

2. The combination of saponin to induce maturation and some 
of the other agents to carry segmentation farther than the 2 
or 4-ceII stage gave no favorable results, although a large num- 
ber were tried, including CO 2 (which is efficient in producing the 
early morula stages, but none farther); hypertonic solutions, 
with NaCl, KCI, MgCh, CaCh; acids, mineral and organic, of 
the latter, both mono-basic and bi-basic; oxygen and the lack ^ 
oxygen, etc. 

3. Among other reagents which induced artificial parthenogen- 
esis are HCl, butyric acid, oxalic acid, tartaric acid. Of these 
organic acids, Loeb’s theory concerning the role of the OH ion 
seems to be carried out as far as they are concerned, for the higher 
onc^gocs from the mono-basic butyric, through dibasic oxalic acid 
to the derivative di-hydroxy-acid^ the d-tartaric, the more efficient 

^ The relations between these acids may he presented here for reference: 
(Acetic acid) CHj. COOH 
Butyric acid CHs.Cm.CH,.COOH 
Oxaiic acid Cf)OIhCO()n 

(Succinic acid) COOH. CHs.CH... COOH (to show relations of) 

Tartaric acid COOH.CH.O.CH.O.C-OOH 

'Fartaric acid, according to the principle of LeBel-van’t Hoff must exist in 
four different forms, since it has two asymmetrical carbon atoms (asymmetrical 
atoms marked *} 

COOH 

I 

H-C‘-on . 

■ I 

*CHOH, COOH 

The commercial tartaric is dextro-rotary. Whether its effectiveness in arti- 
ficial parthenogenesis has anything to do with its optical activity, is not known, 
but it is possible. ' 
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the acids become, if carbonic acid, H^COa be excepted, which is 
wholly hypothetical as a member of the gronf) to which the others 
belong. 

4^ Temperature, meclianical agitation* (which wiis not men- 
tioned) and environmental conditions other t)iau what have 
been enumerated were not found to be efficionl in causing even 
the expulsion o|poIar bodies. It was not found ])ossil)ie to note 
‘ any constant variable between the Harpswoll conditions ^nd 
those at New Haven, although tlie diffei’cnces were tis groat as 
one could desire for the experiments. 

5. There is reason to belie\’(' that a strong eytolyzing reagent, 
like HCl or saponin, followed by a weaker one, such as CO. is 
efficient in carrying out segmentation. However, it was not 
possible to carry the segmentation by any means f)oyond tlu^ 
early morula stages. Thcre^s clearly here a difference between 
maturing and segmentation-inducing i-eagents, 

Hit will be seen that the experiments to be d(‘sci-ibed \i])on arti- 
ficial parthenogenesis plus the action of foreign spei’matozoa arc 
not easily confused as to the factor at work, for in all cases wliciT 
the artificial parthenogenetic reagents wer(‘ us(‘d akme (as in tin* 
above experiments) the de\Tlopment progressed only to the 
early morula stages. Hence, if the spermatozoa of llic foreign 
individual exerted any effect, it would be riNidily recognized, if 
the effect were at all worth}^ of notice, that is, (‘flicient in producing 
an approach to normal develo])i]ienl wherein the segmentation 
proceeded past the early morula stages. 

As stated in a previous footnote, the polar bodies of C^orebrat- 
ulus are not expelled until the spermatozoon enters and in this 
respect, it resembles other animals which ha^■e In^en examined 
with respect to artificial parthenogenesis, such as the annelid, 
Polynoe (Lepidonotus) (Loeb 'OS); (fhactopterus (Mead -98); 
Thalassema (Lefevre H)7) and others. Comtiarccl to them, how- 
ever, in Regard to the reagents A\;liich bring about the whole oi' 
completion of maturatioa^ there is a great difference as far as my 
observations are concerned. In I'cgard to Polynoe, Loeb found 
that '‘die Eier von Polynoe kdnncn aber auch im Seewasscr ohne 
Spermatozoon zur Reifung gebnicht werden, wenn man deni See- 
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wasser etwas NaHO zusetztj niimlich etwa L5 ccm.^ NaHO zu 
50 ccm. Seewasser” ^Loeb ’09 a, p. 158), which is distinctly not 
possible with Cerebratulus in my experience. Nor in regard to^ 
Chaetopterus, which ]\lead (l.c.) used at the very beginning of 
the work upon artificial parthenogenesis, can it be said that 
it resembles Cerebratulus in so far as reagents are concerned which 
are efficient to induce development, for the addition of a small 
amount of KCl is sufficient to start the spindle forming the con- ' 
figurations of the anaphase and telophase of the first maturation 
division."^ In the third case, Thalassema, it will be recalled that 
Lefevre (l.c.) found that the following reagents induced develop- 
ment, both maturation and segmentation: ' HNO 3 , HCl, H 2 SO 4 , 
(C00H)2, CH3.COOH and CO 2 ; although the approach is much 
nearer to Cerebratulus, yet there is a decided difference, since 
Lefevre readily obtained trochopho^ larvae from 6 to 60 per cent. 
Again, these reagents were efficient in themselves, while in Cere- 
bratulus, no development was obtained without a combinatil/^ 
of reagents, except in a very few cases of saponin, used alone; but 
here, no farther development than the 4 or 8-cell stage was 
observed. • 

Whatever the difference is — whether it be temperature, alka- 
linity, the nature of the egg itself, being accustomed to lower tem- 
peratures wherever it occurs than the other examples considered 
above, so that the membrane may have become highly imperme- 
able to ordinary reagents, and the egg modified to withstand un- 
toward conditions — the fact remains that it is a difficult, and in 
the light of the experiments described above, impossible task to 
cause the development to proceed to larval stages. 

Experiments upon artificial hybridization 

The experiments which I have described in table 2 are some- 
what misleading. Only one kind of each of the variations in 
method of procedure is given and I have not made the complication 
greater by the addition of any data as to the frequency of error. 

* Godlewski ('ll) however found that hypertonic solutions produced no effect 

this annelid. 
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Briefly this may be stated as follows; With Ilyanassa, the errors 
were fewest (per ce^t of error, 80), with Mytilus next, but with 
? a far greater number of errors (approximately 95 per ccmt) while 
with Echinarachnius, although the ootkli visions progressed as 
far as in Ilyanassa, yet the frequency of error was vcm'V large (only 
a few developed in any one batch, but unfort until ely the data in 
percentages were not kept). No success vxas luul with Phas(‘ol- 
osoma. 


In the case of Arbacia, which differs in tlie manner of intil ora- 
tion from Cerebratulus, the eggs maturing in the ovary, attempted 
crosses with Mytilus and Modiolus were not successful, altiiougii 
the experiments were given a great number of trials. Tlio time 
of applying the foreign sperm after the eggs were taken from the 
ovary varied in the several cases, so that hero again dehu’iuice 
was made to a possible 'refmetory periofh’ 

The experiments outlined above are similar in many ways to 
ftpse which have been done by Steinbriick (’02), Loeb (’07, ’09a), 
Hagedoorn (’09),.Godlewski ('05, ’ll), Kupelwieser (’09), ihiltzer 
(TO), Tennent (TO), and Bataillon (’09), where the eggs of a 
number of echinodenns, mollusks, etc., w^re investigated with 
a view to hybridization, with excellent results in several cases. 
Some of these investigations pointed to the fact that even when 
development proceeded after the addition of the foreign spenn, ' 
nuclear fusion apparently did not take place, so that the action 
of the sperm was that of giving an inqietus to mitosis in the female 
pronucleus, the male pronucleus disappearing, with the result, 
that larvae were maternal throughout . This was not true for 
Baltzer’s and Godlewski’s experiments. Although cytologncal 
m&rial was preserved, the paucit y of siua^esses det(‘rred me from 
making sections of the eggs to determine whether the results 
were similar to those of the investigators named abovT, and espeim 
ally Godlewski, Baltzer and Kupelwieser, wlio made sections ot 


the eggs in various stages. 

While there is absolutely no question as to the resu ^ 
Kupelwieser, Godlewski and others obtained, it seems somewha 
strange that two species, Cerebratulus and Arbacia should respond 
so slightly to the spermatozoa of other species, sotne of which 
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having beerl used in successful cases (Mytiius).* I have repeated 
Kupelwieser’s experiments in a manner as nearly like his own as 
I could, judging from the printed account without any suggestion 
df the success, as far as echiaodernninollusk crosshig is concerned, 
which he experienced, but terminating without the production 
of later stages than morulas, even wlien artificial parthenogonetie 
media were applied. 

With the exception of Ilyanassa, whose eggs wore not ripe at 
the time the experiments were peihormed at liar ps\vcll, cliecks were 
employed to insure that the spoi'matozoa of the foreign species 
were functional and normally so. However, iu the case of Ilya- 
nassa, Ihe spermatozoa were highh' active under the microseopt 
and therQ is little reason lo doubt that they mnv functional 

There are many other species of imTulob rates viiich i 
decided obstinacy to both artificial partheuogenetic n'ageiits and 
to crossing, although failures are seldom reported, which leads to 
difficulties for other investigators. * Prof. E.'Cb ( ’oiiklin of Prince- 
ton University and Dr. J. F. Medendon of Uo]-ik;11 University 
Medical College have testified to me personally that they have 
tried several forms which did not i'esj)ond in any way to artificial 
reagents. Thus, ascidians seem to be in this calcgorj and like- 
wise some of the mollusks, Mytilu.s eggs having been given a good 
test by McClendon with no success. If the roster of such forms 
be made from the experience of investigators, 1 hav(^ little doubt 
that a large number of such species will appear. It seems to me, 
therefore, that there is a problem involved whi(‘h should attract 
attention and be attacked from several points of vieW'-cytologi- 
cally, physical-chemically, chemically and from thv, standpoint 
of environmental differenchs. I have attempted to follow out 
a few of these lines, with the success noted in the [laragraphs above. 
Until we are able to explain, at least in a way, wliV several eggs 
are Hot amenable to the same reagents and niethods that a great 
variety of others are, our conception of fertilization and of the 
r61e of the spermatozoon cannot be final. It is only by the rwamd 
of ffeufes and successes that any advance in the knowledge of the 
matter in question will be made; the method of trial and error is 
^ Tennent (’10) found that Toxopncn.tes X Holol huria uvnt only to seginentu- 
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signally applicable here. The recent paper of Ralph Lillie (T2) 
is suggestive of a manner of approaching the problem from a 
slightly different point of view. 

3. Experiments with sperm extracts 

The experiments described here concern two things: (1) The 
repetition of Winkler’s (’00) experiments with sperm . extracts 
and (2) the effect of lecithin upon the unfertilized egg. It will 
be recalled that Pieri (’99) described experiments in which water 
extracts of spermatozoa were made by simple shaking with sea- 
water and filtering through filter-paper. Of course the experi- 
ment is fruitless because the spermatozoa pass readily through 
the paper. Winkler’s experiments were more carefully performed, 
for hiiised distilled water as a medium for extracting the supposed 
fferrnent’ although of course the use of distilled water, with a 
decidedly different osmotic pressure from the sea-water, intro- 
duces a variable wholly apart from any under control which he 
attempted to obviate by using salt solutions to restore the changed 
osmotic pressure. He found that when' the extract which gave 
satisfactory results in the cold, is heated to 50°^0°C., no seg- 
mentation of the eggs results. Such a temperature would not 
permit a conclusion as to whether there is an enzyme present in 
the spermatozoon which affects the egg, for such temperatures 
are fatal to enyzmes of all kinds (Bayliss ’08, p. 12) as well as 
sperm. 

For this reason, I repeated Winkler’s work upon both Cerebrat- 
ulus and Arbacia, by using only that temperature which killed 
the spermatozoa but no higher, which I found to be in the neigh- 
borhood of 40°C. This is a degree of'heat which is seldom if ever 
fatal to enzymes and the optimum for many is but a few degrees 
below (37.5°C). Consequently, by bringing the spermatozoa 
in their fluid to this temperature in a test-tube and then cooling 
to 17°C, there is every reason to believe that no enzyme action 
has been affected, although of course positive proof is wanting. 
At any rate, in both Cerebratulus and Arbacia, no develo§ment in 
the eggs was observed, although a great variety of concentrations 
and dilutions were made in both cases. It has been suggested 
that Winkler’s work was really a study in hypertonic solutions, 
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the distilled water extra<*t being made up with boiled sea-water 
whose concentration was not detenuiited, hut whieli \nKloubtedl\\ 
was hypertonic with sea-water. Hypertouivity indeed may hv 
operative in the eggs of the two foniis whicli I have examiiUHi, for 
the concentrated sperm is probably liypertoiiic with respect to sea- 
water, but in any case, it is not a factor of any conse(iueiu‘e in 
either Cerebratulus or Arbaeia. 

Extracts of semen of Arbaeia ha\’c b(‘eu studied exhaustively 
by Gies (^01) and it would be useless to repeat th('S(‘ w(‘lbdir('cted 
experiments except upon a different form. How(‘ver, while (lies 
examined alcoholic and ether extracts, which contained tliephos- 
pholipilte, ‘lecithin, this compound was not isolated so that its 
specific effects could be studied in case any existed. Thcr^s<Muns , 
to be a superstition hanging over lecithin'^ as far as tin* physiology 
of this compound is concei’iied, for it has been assumed to be a 
growth-iixcitant (Danilcw.sk i, Desgi-ey and Zaky). in sex-deter- 
mination (Eusso) and variously in thej-apeutics. (loldfarb has 
carefully examined the effect of lecithin obtained from lien^s eggs 
and sheep's brains by the Itoaf and Edie method, wliich is similar 
to Erlandsen's cold ether-aceton method, upon eggs of Arbaeia, 
the eggs first having been fertilized with theii- own sperm. He 
found no evidence of acceleration in growth, that is, in tluasecpiencc 
of segmentation stages. 

In my experiments, there wei'e two sources of the lecithin used, 
one being hen's yolk’ by the Hoiipo-Seyler method and the otluw 
ovaries and testes of Arbaeia, extracted according to the following 
method: The organs of Arbaeia, were shaken witli a small amount 
of sea-water and the mass evaporated down on the water-bath 


«The lecithins, for there nre different eonipounds witli (Iuk are 

esters of fatty acids with phospliorus ami nitrogen, I u. ^^’7 . 
adheres to them since Overton’s clmstening, r. wholly mdepemhmt h n ■ - 
ical relations, for what he meant by ‘'fat-like bo<hcs ’ em.ccrned nuunb 1 . man- 
ner of obtaining them from their solutions, method, similar to the ones used m 

by ether, alcohol, 

nlmsphoric acid, cholin and the constituent fatty acid tpalmitun oUu .O anc, ^ 
special » of lecithin” being designated aerorrliiig to the organic acid compo. mg 

in another set of experiments. 
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under slow heat to small proportions. fhe whole was then treated 
with cold ether for twenty-four hours in a flask, filtered, the fil- 
trate treated with acetone in a separating funnel, the precipitate 
drawn off and filtered through paper. In the meantime, the resi- ‘ 
due from the first filtration was wrapped in heavy filter paper 
and extracted in a Soxhlet with ether and the treatment there- 
after was similar to that of the second amount. The precipitate 
from the acetone was purified with absolute alcohol. A good deal 
of difficulty was experienced in getting rid of the pigments and 
at last this was given up, for it did not seem that luteins could 
influence the results in the minute quantities in' which they 
appeared. Ry this method— that is, cold ether and hot ether to- 
gether— one may obtain a large proportion of the lecithins present 
in the egg. The objection is that the use of hot ether may break 
the lecithins down into stearin, or whatever fatty acid is present, 
and in the experiments upon the eggs, it may be this which gives 
the effect in case any effect is observed. However, in neither* 
the lecithin from the hen’s yolk nor that from the gonads of Arba- 
cia, did any positive evidence appear that the reagent exerted 
any effect whatsoever upon the unfertilized eggs. For this reason, 
no other method for obtaining lecithin was utilized.^ 

I am unable to convince myself that the final word has been 
said with respect to this matter. There is doubtless some key 
to the production of development in the unfertilized egg of such 
forms as we have mentioned wliich are refractory to artificial 
stimulation. Perhaps I have used too weak and perhaps too 
strong stimuli, although it seems that I should have discovered 
somewhere amongst the various strengths and various reagents, 
some combination that would have led to favorahle results. It 
may be, as Lillie found in the star-fish, that the eggs become highly 
impermeable or are highly impermeable in the case of Cerebratulus 
to the reagents and that something must be done to render the 
permeability temporarily of lower value. . But in saponin and 
other cytolytic reagents, jt seems to me we find just such a reagent ; 
and these I have used. 

* It is interesting to note that Robertson (Journ. Biol- Chem., lli: i; reports 
success with a product obtained by cytolyzing sea-urchin eggs extracting with 
water and finally precipitating with acetone, in inducing membrane formation. 



ARTIFICIAL PARTHENOGENESIS 


495 


Lit’ERATURE CITED 

Baltzbh, F. 1910 tlber die Bezichung zwisclion doin ('lironi:ifin uiul dvv Knt- 
wicklung und Vererbungsrichf iing hei Kfliinodenuenhjistardf'iK Archiv 
ftir ZellforschuT^g, Rd. d. 

Bataillon, E. 1909 L'impregnatinn heterogetu* san>^ ainpiiiinixii' nui-K-aire 
chez les Amphibiens et les EchiiiOilonnw (a proijos du iTcont travail 
de H. KupeJwieser). Rouk’s Archiv, 4:h 

Bayuss, W. M. 1908 The nature of enzyme action. Monographs on Inocliein- 
istry. Longmans, Creen aaid (\)injiaiiy. 

Fox, Charles J, J. 1909 On the, eoefliciimts of absorption of the atmospheric 
gases in distilled water and sea-\vat(M'. I. Nitrogen and Oxygen. II. 
Carbonic acid. 

Friedenthal, H. 1910 Mcthodcri zur lie.stinimuag dor Reak(it)n thn’isclier mi<i 
pflanzlicher Fliissigkeiten und (lewebe. In Ahiicrhalden’s Hamlh. der 
biochemischen Arbeit sine tiioden, Ihl, 1, p. odltl. 

Gies, W. J. 1901 Do spermatozoa coutaiu enzyme having tlie power of cansing 
development of mature ova? .Mu. Journ. Physiol., vnl. (>, ]>. 54. 

Godlewski, E. 1905 Die Hybridization der Kcliinulen- unrl ('|■illoid(MlfaMliIie. 
Bull. de. PAcad, des Sciences de (h’acovie. 

1911 Studien liber die Entuiclj.lung.serreginig. bind il. Ronx’s.M-cluv. 
Bd. 33, p, 196. 

Hagedoorn, a. 1909 On the pnrciy motiieiiy character of the hybriil.s produced 
from the eggs of Strongyloceuti’otus. Roux’s Archiv, Bd. 27. 

Hober, R. 1899 Pfliiger’s Archiv, Bd. , SI. 

Kupelwieser, H. 1009 Entwiekhiugscrregung bei Seeigcleiern dnreh Moilns- 
kensperma. Roux’s Archiv, Bd. 27. 

Lefevre, G. 1907 Jour. Exp. Zoi)!., vol, 4. p. !)(). 

Lillie R 1912 Certain mcams by which .star-fish eggs ualnrally ri'si.Mant to 
fertilization may be rendered iionna.1 and 1 he physiologieal conditions 
of this action. Biol, Ihilh. vol. 22, p. 32S. 

Loeb j 1898 Cbcr die Kiitaieklungsencpiug uiibcfniditelcM- AnnolKlcueii-r 
mittelst .Sapcinin und Sohinin. Pfllign 's Avchiv, lid. 122. |.. 4«. 

1607 tiber die allgeuicineii Midliodcn dor kiinstliniicn F;irthcw>gen<>M<. 
Pfliiger’s u\rchiv, Bd. 118, p, 572, 

1908 Pfltiger’s Archiv, Bd. 122, p. 448. 

1909a Die clicmische KntffickliinKSCiTegung d-s Ibuischen 
Berlin, Julius Springer. 

'1909b Uber die Natur der Bastardla_vve zvviscliou K.'liinodemiciiei und 
MoUuskensanien, Roux’s Archiv, 27, 



496 


MAX MORSE 


Mead, A. D. 1898 Some observations on the liaturation and fecundation of 
Chao top terns pergamentaeeus Cuvier. Jour. Morph., vol. 10, no. 1. 

IMeri 1899 .Vrehiv do zooiogie experimentalc ot geucrale, tome 7, 

Stei.vrruch/ H. 1902 Uber die Bastardbildung bei Strongylocentrotus lividus 
und Sphaerochinvis grariulari.s. Roux’s Archiv, Bd. 14, p. 1. 

Te.vn'e.vt, D. If. 1910 Kelli noderm hybridization. Publ. Carnegie Institute, 
Washing! oji, D. C. (U. S.A.), Xo. 132. 

Torn'oe, H. 1870 f)n the carbonic acid in the sea-water. The Norwegian North- 
Atlanlic Expedition 1876-78, vol. 2. 

WixKT.KR, H. 1900 tiber die Furchung unbefruchtcier Eier unter der Einwirk- 
lAgen von KxtraktivstofTen aus dem Sporma. Xachr. d. Ges. d. Wiss, 
Gottingen, S. 187. 



BAUSCH & LOME 

MINOT AUTOMATIC PRECISION MICROTOME 



Unoxcelletl for section cuttinj^ of the niosi. nceunite natmv. serial or 
otherwise. 

Accommodate? large speciiiK'us, either parafiin <ir <r)]i)idiii. 

. Is exceptionally rigid throughout; has very long knih* strokr ami range 
of feed. 

Crank motion and geaiing climiiudc ix'vsonal riTor, iusni'ing stonily 
stroke and even feeding. 

Used in most exacting lal)oratori(‘s of the (rountry. 

Write at once for UtovatuiT IS B tiud furUicr information. 


NEW YOnK W 
LONDON 



^ Lomb Optical 


ASHINCTON CHtCAC O 

rochesteh. n.y. 


san fuancjsco 

FUANKFOaT 


THE JOURNAL OF EXPERIMENTAL ZOOLOGY 
CONTENTS OF VOLUME 13, 1912 

No. I JULY 

C. B. Davenport. Sex-limited inheritance in poultry. Eight colored 
plates 1 

T. H. Morgan. Heredity of body color in Drosophila. Four figures (color 
plate) 27 

George Alfred Baitsell, Experiments on the reproduction of the hypo*- 
trichous Infusoria. I. Conjugation between closely related individuals 
of Stylonychia pustulata. Twenty figures (one plate) 47 

T. H. Morgan and ICleth Cattell. Data for the stujly of sex-linked in- 
heritance in Drosophila 79 

.C. M. Child. Studies on the djmamics of morphogenesis and inheritance 
in experimental reproduction. IV. Certain dynamic factors in the 
regulatory morphogenesis of Planaria dorotoccphala in relation to the 
axial gradient. Forty-six figures •. 103 

No. 2 AUGUST 

Raymond Pearl. The mode of inheritance of fecundity in the domestic 
foivl. Three figures 153 

W. C. Allee. An experimental analysis of the relation between physiologi- 
cal states and rheotaxis in Isopoda. Ten figures ; 269 



By meam of th« PARABOLOID CONDENSER for Ihe Micro»copic Obervation and the 
IfUtAntaneoue Photo-MicrosTaphy of Living Bacteria, etc., 
including Spirochaete Pallida 


V f 

The PARABOLOID CONDENSER is supplied in 
mounts to fit all stands, gives a dark-ground iliun^jnation 
which is suitable for all dry lenses and is particularly well 
adapted for bringing into view living bacteria, including 
the least distinct sjjecies, i. e, Spirochaete jtallidu, and 
such objects as plankton, extremely line crystalline spi- 
cules, diatoms, coarse colloids, etc. 

Marks 40.00 

Paraboloid Condenser 

We quote the lowest rates permitted by the lirm of Carl /aoss, i. e. 

25 cent* per Mark, Duty Free, f. o. b. Philadelphia 
36 cents per Mark, Duty Paid, from stock in PhiWdelphia 

Send for Zeiss catalogues Mikro 227-231 


Arthur H. Thomas Company 

IMPORTERS AND DEALERS 

Microscopes, Laboratory Apparatus and Chemicals 

1200 WALNUT STREET, PHILADELPHIA 




memoirs: 

OF 

THE WISTAR INSTITUTE OF ANATOMY AND ftoLOGY 

The publication of a series of Anatomical Monographs has-been under- 
taken with the purpose of presenting the results of original investigation 
in anatomy which are too extensive for incorporation in the already over- 
crowded current periodicals, 


MEMOIR No. 1 

THE ANATOMY AND DEVELOPMENT OF THE SYSTEMIC 
LYMPHATIC VESSELS IN THE DOMESTIC CAT 


BY 

George S. Huntington 

Projes&or of Anatomy, Columbia Universily, New York City 

This monograph states in a few pages the various theories held in regard 
to lymphatic development in general and then proceeds to present the 
result of six years^ careful investigation on mammalian lymphatic develop- 
ment. 

Part I deals with the development of the systemic lymphatic vessels in 
their relation to the blood vascular system. 

Part II deals with the development of the preazygos and azygos segments 
of the thoracic duct. 


This memoir contains 175 pages of text, 8 text figures (two in color), 
254 photomicrographs and 21 colored plates. Sent post paid to any country 
for $4.00. 

MEMOIR No. 2 

CONTRIBUTION TO THE STUDY OF THE HYPOPHYSIS 
CEREBRI WITH ESPECIAL REFERENCE TO 
ITS COMPARATIVE HISTOLOGY 


BY ♦ 

, Frederick Tilnet 

Xssoctofe in Anatomy, Columbia Univeraiiy, New York City 

Part f contains a historical review of the literature. 

Part II deals with the comparative histology of the pituitary gland, and 
gives a report of six hypophysectomies performed upon cats. 

This memoir contains 72 pages uf text, 2 text figures, 60 photomicro- 
graphs and plates. Sent post paid to any country for $1.50. 


Orders should be addressed and checks made payable to 


THE WJ8TAR INSTITUTE OF ANATOMY AND BIOLOOY 
36th Street and Woodland Avenue 
Philadelphia, Pa. 



COMPLETE SETS 


AND 

SINGLE NUMBERS 

OF 

JOURNAL OF MORPHOLOGY 
22 Volumes 

THE JOURNAL OF COMPARATIVE NEUROLOGY 
21 Volumes 

THE AMERICAN JOURNAL OF ANATOMY 
12 Volumes 

THE JOURNAL OF EXPERIMENTAL ZOOLOGY 
12 Volumes 

THE ANATOMICAL RECORD 
5 Volumes 


Can be supplied by 

THE WISTAR INSTITUTE OF ANATOMY. AND HIOLOGY 
PHILADELPHIA, PA. 




CONTRIBUTIONS TO THE GENERAL PHYSIOLOGY' 
OF SMOOTH AND STRIATI^D 

EDWAIID B. MKIGS 

From The Widar Institute of Anoiomi/ and Biology 

TWENTY FKfUKES 


4;)S 

^02 

r4v,i 

50J 


CONTEXTS 

Introduction: the present state of the subject.. 

The osmotic properties of striated muscle. 

The osmotic properties of smooth muscle 

The chemistry and physics of the contraction of smooth nniscl* 

Methods of experimentation N , 

A comparison of the changes of weight undergone iry smooth and st riated 
muscle in various isotonic and non-isotouic 

Experiments with Ringer’s solution , 

Experiments with diluted and concentrated Kniger s 
Experiments with solutions of single electrolytes... 

Experiments with solutions of nori-electrolyt(‘s. . • - 

Experiments with distilled water 

Experiments with acidihed Kinger’s solution ^ 

The changes of weight undergone by connective tissue in various solutions .... 

Summary of the results so far described ^ 

aemiJ experiments, on the diffusion of stilt und suger li.ront,). Ihc, . 

face of the smooth muscle fibers t , V12 

The changes of length undergone by smooth muscle tu va.uou.s solntmn.s 

'^'1j:«:thesmnothmuselefiber;ehaugeiuvolun,ewhe^ 

in various solutions 

The osmotic properties of striated muscle ^ 

The osmotic properties of smooth muscle . , . , 

General physiology of striated and smootli muscle. y ■ 

General conclusions 5 l») 

Protocols of the experiments 


i: solutions 

old 

Holllthui ul~ 

olli 

520 

52:i-. 

. m 


497 


THE JOCKNAI of 


BXrEHtMiyAL KOOlOGY. VOl- 13, SO. 4 

NOVEMBER, 1912 



498 


EDWARD B. MEIGS 


INTRODUCTION: THE PRESENT STATE OF THE SUBJECT 

The work, of which this article gives the results, has been 
directed toward throwing light on two main questions. The first 
of these may be roughly described as that of the ^osmotic proper- 
ties' of vertebrate smooth muscle. What are the results of sub- 
jecting smooth muscle to such experiments as are thought to 
demonstrate that the fibers of striated muscle are surrounded by 
sembpermeable membranes; and what are the physical conditions 
of the water, colloids, and crystalloids of the smooth muscle fibers? 
The second question is that of the chemical and physical processes 
which bring about contraction in smooth muscle. The close rela- 
tion between these two questions will become apparent as the 
article progresses. 

The investigations of the last fifty years have shown very 
clearly that the behavior of a tissue which is removed from the 
body and immersed in a foreign medium is often highly dependent 
on the osmotic pressure of that medium. It is a general rule that 
tissues remain longest in a state approaching the normal in those 
media which have about the same osmotic pressure as the blood 
plasma and l3unph of the animal from which they were taken; 
they tend to give up fluid to hypertonic solutions and to take fluid 
from hypotonic solutions.^ These facts have given rise to the 
view that the cells of animal tissues are surrounded by semi- 
permeable membranes and a great deal of work has been directed 
toward discovering the exact nature of these membranes. 

Recently, however, the behavior of such colloids as gelatin and 
'fibrin in various electrolytic and non-electrolytic solutions has 
received careful attention. It has been shown that these colloids 
have a remarkable tendency to take up water from certain solu- 
tions, and that the strength of this tendency depends in a comph- 
cated manner on the nature and concentration of 'the electrolytes 
present. It has been pointed out that the behavior of muscle 
under many conditions resembles that of gelatin and fibrin, and 
this resemblance has led certain investigators to deny the exist- 

^ The word ‘hypertonic' is used throughout this article to mean that a solution 
has a higher osmotic pressure than the blood plasma of the animal under discus- 
sion; thffword ‘hypotonic,’ to mean that the solution has a lower osmotic pressure 
than the blood plasma. 
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ence of semi-permeable membranes surrounding tlic animal cells. 
These investigators believe that the taking up and loss of uaiter by 
muscle in various solutions is to be explained by a comparison of 
the behavior of muscle with that of gelatin and fibrin under simi- 
lar conditions. 


The osmotic properties of sir luted muscle 


Overton^ has made a thoroughgoiiig st\idy oT this whole, (pies- 
tion, using frog's striated muscle as the material for his ex])eri- 
meats. He comes to the conclusion that tlie muscle fil)(u*san? 
surrounded by semi-permeable membranes of a peculiar natuiv - 
membranes permeable to water and to most fat solvents,, but 
impermeable to sugars and inorganic salts. These membrams 
are, however, easily injured or destroyed; theii* destruotion marks 
the irretrievable loss of irritability by the muscle: and aft(a’ tlnur 
destruction the tissue swells or loses water in various solut ions 
somewhat as do masses of gelatin and fibrin. 

The reasons which have led Overton and other investigators to 
believe that the striated muscle fibers are surrounded bysemi- 
permeable membranes may be briefly summarized a.s follows: 

The ash of striated muscle is entirely difT(u-ent from that of the 
blood plasma. It is well known that the blood plasma (‘ontains 
considerable amounts of diffusible NaCl, while the work of KaU^ 
indicates that the striated muscle fibers often contam little or none 
of this salt and considerable quantities of the pliosphates of ]iotas- 
sium. It is difficult to see how the salts of the blood plasma 
and of the muscle are prevented from interdiffusmg unless there 
is some resistance to their passage at the surfaces of the muscle 


fibers 

The living striated muscle reacts in general to isotonic, 
tonic and hypotonic solutions of salts and sugars as if its hbers 
were surrounded by membranes permeable to water, but no to 
salt and sugar in solution, and as if they contained a 
isotonic with the blood plasma. The muscle mamtams its origi- 

. . Arnhiv fiir die .esammte Phyeiologie, 1902, Bd. 92, p,.. 115 and 346; 


1904, Bd. 105, p. 207. , . , . 

“ Katz; Archiv fiir die gesammte Fhysiologie, 


1896, Bd. 03, p. 1. 
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nal weight in isotonic solutions of salts and sugars, gains weight 
in hypotonic solutions, and loses weight in hypertonic solutions. 

' The author has added some further evidence to that already 
given by Overton for the view that both osmosis and a process 
which may be called ‘colloid swelling^ play a part in the taking 
up of fluid by muscle from salt and sugar solutions.^ It may be 
shown that the behavior of frog’s striated muscle when it is im- 
mersed in distilled water or in isotonic sugar solution depends on 
whether the tissue is ‘living’ or ‘dead.’ The living muscle swells 
in distilled water in such a manner as to suggest that osmosis 
plays a large part in the process; the water intake is large in the 
early stages and rapidly becomes less. The dead muscle, on the 
other hand, tends to take up water less rapidly in the early stages 
of its immersion than in the immediately succeeding ones. The 
living muscle maintains its original weight for many hours in an 
isotonic sugar solution while the dead muscle swells rapidly in 
such a solution. 

Beiitner has recently been able to throw still further Ught on 
this subject. He has shown that the behavior of muscle immersed 
in mixtures of salts with acids depends at first on the osmotic 
pressure of the mixtures, while it later bears little or no relation 
to osmotic pressure.® 

If it be granted that the striated muscle fibers are surrounded 
by membranes which are more permeable to water than to salts 
and sugars in solution, a number of very iraportant questions 
regarding the nature of these membranes and regarding the 
conditions which obtain within the muscle fibers remain to be 
answered. The first of these questions is whether the mem- 
branes are absolutely impermeable to salts and sugars, or whether 
they must be regarded only as offering a' considerable resistance 
to their passage. 

So far as I am aware, no one has definitely advocated the view 
that the muscle membranes are absolutely impermeable to salts 
and sugars.*’ All the evidence that exists on the subject at pres- 

]Mejgs; American Jour. Physiol., 1910, vol. 20, p. 191. 

® Beutner; Biochemische Zeitschrift, 1912, Bd. 39, p. 280. 

* For Overton’.s opinion on this subject, see Archiv fur die gesaminte Physiologic, 
1902, 92. i)p. 382 and 383. 
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ent points to the view that potassium and phosphorus easily 
escape from the living muscle fibers, and that this loss is repaired 
by the entrance of these two substances into tlie tibcu’s in some 
combination or combinations other than potassium phosphate.' 
It is not doubted by biological chemists at present that tin' striated 
muscle fibers contain considerable quantiti{^s of j)]ios{)horus in 
organic combination. 

The question how the muscle fibers are kept free or nearly free 
of sodium and chlorine cannot profitably be discussed at ^iresent, 
as there is no existing experimental evidence on tin' subject. It 
seems probable, however, that chemical as well as physical fac- 
tors play a part in the maiuteiiauce of this condition also. 

Overton has explained some of the facts observa'd b}^ liim by 
supposing that a certain portion of the water within tin' muscle 
fibers is held in chemical combination by the colloids as organic 
waievy and does not act as a solvent for the muscle salts.*^ Ho 
does not, however, give a detailed consideration to this part of 
the subject, leaving untouched the question whetlna* the amount 
of the organic water is variable or constant. A good many facts 
could be explained by supposing the quantity of the organic 
water to be variable. 

Schwarz has recently reported a number of experini(*nts which 
indicate that any influence that causes a muscle U) ])roduco lactic 
acid tends to make It take up fluid from an isotonic sclt .solution.® 
It seems improbable that the muscle’s increased tend(Micy to 
take up water is the direct result of the increa.^i' in tlu^ osmotic 
pressure of the muscle contents brought about by the prf'si'iuM' 
of the lactic acid. In the first place, the osmotic pn'ssun' of such 
quantities of lactic acid a.s could be produced umlcr th(' coudi- 
tion.s of Schwarz’s experiments would be infinitesimally small in 
comparison to the osmotic pressure of the muscle salts; and m 
the second place, Overton has found that the musck' membraiu's 
are quite permeable to lactic acidd« An alternative explanation 
would be that the acid acts to make the muscle colloids combine 


^ See Meigs and Ryan, Jour. Riol. Chemistry, lOU vol II, Pl>^ 

« Overton; Archiv fur gesamrnto Phy.siologie, lOfL. 13d. . PP- 
» Schwarz; Biochemische Zeitschrift , 1011, Bd. 37, p. 34. 

Overton; Archiv flir die gesanimte Physiologie, 190-, Bd. .1-, p. 
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with more water, thus rendering the salts more concentrated in 
thcTemaining uncombined water. 

The existing evidence, then, justifies the following conclusions 
in regard to frog^s striated muscle: The surfaces of the muscle 
fibers are highly permeable to water, and offer a marked, though 
not absolute, resistance to the passage of salts and sugars in solu- 
tion. The muscle is able to maintain a salt content different from 
that of the blood plasma by means of chemical processes which are 
not yet understood. A part of the water within the muscle 
fibers is held by the colloids as organic water, and does not act 
as a solvent for the muscle salts; and the taking up or loss of 
water by muscle immersed in isotonic and non-isotonic solutions 
is probably influenced by changes in the amount of the organic 
water -within the fibers. 

The osmotic properties of smooth muscle 

In order to determine how far the ^osmotic properties’ of 
smooth muscle resemble those of striated muscle, it will be neces- 
sary to know the results of subjecting smooth muscle to such 
experiments as have been carried out on striated muscle. The 
ash of smooth muscle has been analyzed by several investigators.^^ 
The results have shown that the smooth muscle fibers probably 
contain somewhat less potassium and phosphorus and somewhat 
more sodium and chlorine than the striated fibers of the same 
animal; but in most of the animals investigated the ash of the 
smooth muscle resembles that of striated muscle much more 
nearly than it does that of the blood plasma. In the case of the 
frog the smooth muscle fibers contain much more potassium and 
phosphorus and much less sodium and chlorine than does the 
blood plasma.^2 

These facts do not, however, show conclusively that the smooth 
muscle fibers are surrounded by semi-permeable membranes. In 

Sec Saiki; Jour. Biol. Chemistry, 1908, vol4, p. 483; Costantino, Biochemische 
Zeitschrift, 1911, Bd. 37, p. 52;MacaIlum, Ergehnisse der Physiologie, 1911, p. 642; 
Meigs and Ryan, Jour. Biol. Chemistry, 1912, vol. 11, p. 401. 

For an analysis of the ash of frog’s blood plasma, see XJrano, Zeitschrift fur 
Biologie, 1907, Bd. 50, pp. 218, 219, 224 and 225. 
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order to explain certain experimental results which ha\'e been 
obtained with striated muscle it has been necessary to suppose 
that this tissue contains potassium and [ihosphorus in combiiia- 
tions other than potassium phosphate and that a (‘onsiderablo 
part of the water of the tissue exists as organic wali'r. which does 
not act as a solvent for sahs. It has hem point(Hi out by 
and Ryan that the conditions in smooth muscle could b(' explained 
without invoking the aid of semi-permeabh* membranes by a])ply- 
ing to it the same suppositions in a somewliat extended fonnd^ 

It will be interestingj therefore, to have further evideuci' on the 
question whether the smooth muscle fibers are surrouudtnl l)\^ 
semi-permeable membranes, and a large part of tliis article will 
be devoted to the presentation of such evidence. 

The chemidnj and physics of the conlradion of smooth mnsek 

The author has already given evidence to show tliat th(' con- 
traction of smooth muscle is the mechanical result of loss of fluid 
by its fibers.^^ It has been found that the changes of weight 
which occur in smooth muscle as the result of its immersion m 
isotonic and non-isotonic solutions ai‘(' seldom uuaecompani(Hl 
by corresponding changes in the length of tlie muscle hlxTs. 
These changes in length have been followed and recorded in the 
same experiments in which the weight changes undergone by tlui 
tissue have been studied, and they will be described and discuss(Tl 
in the proper place. It may be said here, howevi^r, tliaf, it is a 
very general rule that increase in the weight of the muscle is 
accompanied by lengthening; and decrease in weight by shorten- 
ing; and this fact confirms the view that the contraction of tlie tis- 
sue' is under normal circumstances the meclianical result of loss 
of fluid by its fibers. Certain experiments will later be (h^senbed 
which suggest that the formation of lactic acid may play an 
important part in the physiology of the contraction of smooth 

muscle. 


fw.i, »i "■ ”, 
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METHODS OF EXPERIMENTATION 

It has beon found convenient to put the protocols of the experi- 
ments* together at the end of the article. These protocols give, 
for the most part, the results of experiments in which pieces of 
frog’s muscle were immersed in various solutions and weighed at 
intervals. All the tissue came from three American species of 
frogs — the bull-frog (Rana catesbiana), the leopard frog (Rana 
pipiens), and the green frog (Rana clamitans). In most of the 
experiments the changes of length undergone by the smooth mus- 
cle were followed and the irritability of both the smooth and stri- 
ated muscle used was tested at intervals. The temperature is 
also given with each experiment. In most cases this represents 
the temperature of the room at a point near that at which the 
experiment was carried out; it may be taken to be within a degree 
of that of the solution in which the muscle was immersed. In a 
few cases, where the effects of temperature were particularly to be 
studied, the actual temperature of the fluid in which the muscle 
was immersed is given. 

The protocols represent selected experiments, which have been 
confirmed by a varying number of other unpublished experiments. 
I have not thought it worth while to add to the already rather 
formidable mass of material by publishing all the duplicate 
experiments. Duplicate experiments have been published in a 
few cases for the purpose of showing small variations in the behav- 
ior of the tissues, or because the points illustrated were thought 
to bo particularly important. 

The solutions used were made with water distilled over glass and 
with either Merck’s or Kahlbaum’s chemically pure compounds. 
The lactose used in Experiments 78 and 79 was a Merck prepara- 
tion recrystallized several times and experimentally determined 
to be free from nitrogen and ash. It is difficult to get a pure lac- 
tose preparation, and smooth muscle behaves very differently in 
pure sugar solutions and in sugar solutions to which even very 
small quantities of electrolytes have been added. The Ringer 
solution used had the following formula: 
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I ).02 

CaClj ■ , 

NaHCOj ' 0 oil 

Distilled water lOO OO 

The solutions generally were made up according to tlu^ im'tlmd 
of Raoult; a 7.5 per cent saccharose solution, for instance, means 
a solution made by adding 7.5 grams of saccharose to ]()() ce. of 
distilled water. The percentages of the solid constit\ients of the 
solutions are always given in terms of the anhycirous suhstaiua^s. 

The sartorius has been selected as the example of striated mus- 
cle. This muscle can be easily dissected out without injury to 
any of its fibers, and the relations between its surface and volume 
are about the same as in the pieces of smooth muscle to Ix' sul)- 
sequently described. A small i)iecc^of conuccti\-e tissue was 
always left attached to the pelvic end, and the tendon with a small 
chip of the tibia to the knee end. The preparation wais IuuuHimI 
through this chip of bone. 

Most of ttie experiments with striated muscle ari' ri'iietitions of 
experiments which have been already carried out by Oviuton. 
Those instances in w^hich this is not the case will be particularly 
spoken of in the text. It has been thouglit well to ])ul>lish the 
experiments on striated muscle, partly becaus(‘ Overton’s wauk 
has been questioned in some quarters, and partly IxM'aust' it is 
often important to have a comparison bedoveeu tlie smootii and 
striated muscle of the same individual frog. 

The smooth muscle used in the experiments was obtained from 
the stomach. This organ was cut open along the line of th(‘ 
curvature, and the mucous membrane was then torn loose from 
the muscular coat. The sheet of muside so obtained usually 
weighed about twice as much as the sartorius from the sanu^ frog, 
but it was somewhat thinner so that the relations between its 
surface and volume were about the same. 

Histological examinations of frog’s sartorii fixed in various 
ways indicates that the muscle fibers make up about 75 per cent 
of their volume. The rest of the preparation consists of connec- 
tive tissue and of the interstitial spaces between the fibers. Th(‘ 
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work of Fahr^^ on the chemical constituents of the ash of frog^s 
striated muscle fibers confirms the view obtained by histological 
examination. 

Iftstological examination of the preparations of smooth muscle 
described above indicates that the muscle fibers occupy about 80 
per cent of the volume of such preparations, the remainder being 
made up of connective tissue and of interstitial spaces as in the 
case of striated muscle. Thin cross sections of hving as well as 
of fixed smooth muscle may be examined histologically, and the 
proportional volume occupied by the fibers is about the same in 
both the living and fixed preparations. 

It will bo noticed that the striated muscle is prepared without 
cutting across any of its fibers, while the fibers of the smooth mus- 
cle preparations are cut across. A careful study of the effects of 
cutting across the fibers of^ striated and smooth muscle has been 
made. 

Rigor very quickly sets in in the neighborhood of a cut across 
the fibers of striated muscle. If a frog’s sartorius be cut across 
its middle, and the two pieces be immersed in Ringet’s solution, 
whitish thickened areas make their appearance at the cut ends in 
the course of a minute or so. These areas increase gradually in 
size, so that at the end of perhaps four hours, the whole muscle is 
shortened, opaque and unirritable. Another uninjured sartorius 
used as a control may remain irritable for forty-eight hours in the 
same solution at the same temperature. 

Nothing of this sort occurs as a result of cutting across the 
fibers of smooth muscle. I have cut sheets of smooth muscle 
across in several places in such a way that the fibers had a length 
of only 5 mm. bet'ween cuts. Such cut pieces of muscle have 
been kept in Ringer’s solution at about and their condition 
has been compared with that of other pieces of muscle in which 
the fibers had a length of 15 mm. between cuts. Both the con- 
trols and the cut pieces of muscle often remained irritable for 
forty-eight hours; the cutting made no difference whatever in 
the length of time which the tissue remained irritable, and there 

Fahr: Zeitschrift ftir Biologie, 1908, Bd. 52, p. SO. 

All temperatures are given in terms of the centigrade scale. 
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was never anything to indicate tliat tlie sinootii musol(' wont into 
rigor either in the neighborhood of tlie cuts or in any otIuT part. 

It may even be shown that cross sections of frog's stomacii luusch' 
cut off with a sharp razor and only 0.1 to 0.2 nun. thick n^niain 
irritable for several liours in Ilinger’s solution at room tcm])era- 
ture. Such slices of muscle inao’ seen to coutratd. wlum stiiiiu- 
lated beneath the microscope after tlu>y }iav(^ been for .-^cweral 
hours in Ringer^s solution at 20^. 

Other experiments have been canied out w\i\\ tlu' oliject t>f 
determining the effect which cutting aci-oss tJie fibers of slriateil 
and smooth muscle has on the changes of v'eiglit^ iitulergone by 
the two tissues in Ringer’s solution. It lias been found that cut- 
ting the fibers of striated muscle causes the tissue to gain wi'ight 
in Ringer’s solution. In the case of smooth miiscde, the behavior 
of preparations in which the fibers have' Ix'cn cut across in only 
one place has been compared with tliat of others in whicli s('v(‘ral 
cuts have been madej and it lias been found that tlie L‘itt(‘r hav(\ 
if anything, a slightly less tendency to gain vaaglit than the 
former. 

It is clear, therefore, that cutting across the fibca-s of smooth 
muscle has no demonstrable injurious effect on tluan; and tlu* 
results of the experiments to be subsequently d(\scr]b(d will show 
that the differences in the behavior of striated and smoot h muscle 
cannot be attributed to the fact that, tlu' fibers of tlu^ latb‘r tsssue 
have been cut across. 

Experiments, in which the ehaiig(>s of weight uudergojio Iry 
muscle in various solutions have been detenniued, have now 1 )w>m 
carried out by so many investigators that it, is imnecessary to 
give a detailed defense of the accuracy of such experiments. It i.s, 
of course, to be understood that the object is always to follow 
accurately the change of weight undergone by a piece of tissue 
and not to get, at any time, its absolute weiglit, which is a still 

undefined quantity. .. 

Overton states'’ that in his experiments on sartorii (.lie limits 
of error were within 3 mg. In general 1 have followed the tech- 
nique which he has described, but I am convinced that the limits 

O Overton; Ardiiv fur die gesammte Physiologie, 1902. ISd. 92, p. 120. 



508 


EDWARD B. MEIGS 


of error in my experiments with sartorii are less than those which 
he giveSj perhaps within 1 mg. The chief source of error is, of 
course, the drying of the tissue on filter paper which is necessary 
before weighing; unless the tissue is dried to the same extent each 
time, the results do not truly represent the course of gain or loss 
of weight. After a certain amount of practice one learns to 
keep to a very uniform routine in the matter of drying, and to 
recognize immediately the errors which sometimes occur when 
one is fatigued. Experiments in which errors have occurred 
must of course be discarded. I may say, however, that I have 
been obliged to discard only very few experiments on this account ; 
the general character and smoothness of the curves of striated 
muscle are sufficient evidence for the view that the errors in weigh- 
ing have been small. 

In the case of the smooth muscle the drying is not quite so 
easy as with the striated muscle, for the sheets of tissue often 
exhibit a considerable tendency to curl up. One soon learns, 
however, to flatten them out on the filter paper in a uniform man- 
ner; the limits of error here are certainly within 2 mg. 

The irritability of the tissues was tested by means of a strong 
interrupted Faradic current. I determined whether the stri- 
ated muscle responded to the stimulus or not by direct inspec- 
tion. In the case of the smooth muscle, strips of the tissue were 
attached to a light lover which magnified about seven times and 
the point of this was brought against a scale. In this way very 
slight charges in length could be determined. A considerable 
amount of experience with the effects of various kinds of stin:uli 
on smooth^iuscle has convin.ced me that a strong rapidly inter- 
rupted Faradic current is by far the most satisfactory, if one 
merely wishes to determine in a rough way the state of the tissue's 
irritability. I have never failed with this stimulus to produce 
response.s in fresh tissue, and the responses are fairly constant in 
size and rapidity. I have, of course, been careful to keep my 
current far below the strength which would produce heat shorten- 
ing in dead tissue. 

In the case of striated muscle the irritability of the actual mus- 
cle weighed was determined. This could be done with almost no 
manipulation of the muscle; and as the application of the current 
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and the resulting contraction lasted only a fraction of a second, it 
may be supposed that the chemical change produced had a lu^gli- 
gible effect on the course of the tissue's changes in weight. A good 
deal more manipulation was necessary to satisfactoril\' t<'st the 
irritability of the preparations of smooth muscle. Wlaa-c tliis 
did not have to be done until the end of tlu^ expia-inuait, strips 
ft^ere cut off from the actual pieca^ of musok‘ which hail heeii 
weighed; and tested as described abov^u when it was dcsira{)le to 
test the irritability of the smooth muscle in the middle of aii ('xperi- 
ment, the piece of muscle used was cut into a strip and a lai-g<‘r 
sheet and the two portions wore immersed in tlu' solution: the 
strip was used for the testing of irritability and tlu‘ largia* shr^i't for 
weighing. 

It will be noticed that it is rc])orted at tli(‘ end of some of t!u‘ 
experiments that pieces of smooth inuscle showed a teud(Micy to 
lengthen on stimulation. This seemed to be tlu^ eas(' after tlu' 
tissue had remained for some time in various solutions, h\it partit*- 
ularly as the result of immersion in double strength Itiiigia- solu- 
tion. Subsequent experimentSj in which the ahang(*s of length 
undergone by the tis.^ue as the result of stimulation aftra- a stay 
in double strength Ringer^ were ri'corded on a kymograph instead 
of being studied as described above, show(Hl that tire stimulation 
usually produced a very small shortening followed by a coni})ara- 
lively large lengthening. In only a few easels did th(' ])r(dimiuary 
shortening fail altogether to appear. 

The results of some of the experiments are given in vnivv^, 
which appear throughout the article. In these tlie points of 
weighing are prominently indicated by crosses. 

Some of the experiments give the results of imrnersiiig conmas 
tive tissue in various solutions. The conm^dive tissm^ was 
obtained from the tendo Achillis of large frogs, and the teclmiciue 
was the same as m the experiments on muscle. 

A few of the experiments give the results of attem]it.s to (hder- 
mine directly by chemical analysis to w^hat extiuit sodium and 
potassium diffuse out of smooth muscle into a surrounding i.so- 
tonic sugar solution, and to what extent the sugar diffus(\s into 
the muscle.. These experiments require no particular (‘omment 
in this place. 
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A COMPARISON OF THE CHANGES OF WEIGHT UNDERGONE BY 
SMOOTH AND STRIATED MUSCLE IN VARIOUS ISOTONIC 
AND NON-ISOTONIC SOI.UTIONS 

It will be shown in this section that the changes of weight 
undergone by smooth muscle in various solutions of electrolytes 
and non-electrolytes are quite different from those undergone by 
striated muscle under similar circumstances. The changes of 
weight undergone by the smooth muscle bear only a rough rela- 
tion to the osmotic pressure of the solution in which it is immersed, 
and arc such as to make it difficult to believe that any consider- 
able portion, s of the tissue, are separated from their surroundings 
by semi-permeable membranes. But a discussion of the bearing 
of the results will be reserved until later. 

Experiments with Ringer^ s solution. Both the smooth and stri- 
ated muscle of the frogs with which I have worked maintain their 
irritability, as a rule, for forty-eight hours or more in Ringer’s 
solution at 20°. The sartorii vary somewhat in regard to the 
changes of weight which they undergo. They sometimes maintain 
their original weight for many hours, sometimes gain in weight, 
and sometimes lose. The gain or loss in weight is, however, 
not often more than 10 per cent of the original weight of the 
muscle in the course of twenty-four hours, and the Ringer solution 
may be considered to be on the average isotonic — that is, about 
as many sartorii tend to gain as to lose weight in it. 

The stomach muscle of the same frogs practically always gains 
weight when immersed in Ringer’s solution. The amount of 
this gain is variable being sometimes less than 10 per cent and 
sometimes over 30 per cent. If the changes of weight undergone 
by the sumach muscle and sartorius from the same frog be com- 
pared with each other, it will be found that in those cases where 
the sartorius tends to lose weight the stomach muscle gains little; 
and in those cases where the sartorius gains, the stomach muscle 
gains much more. In other words, the stomach muscle has a 
decidedly greater tendency to take up fluid from Ringer’s solu- 
tion than has the sartorius. Figure 1 gives the curves of change 
in weight of the stomach muscle and sartorius from the same frog 
in a typical experiment. , 
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A number of experiments have been carried out with the view 
of determining the factors which cause the tissues of some frogs 
to take up more fluid from Ringer's solution than those of others. 
It has been found to be a general rule that the tissues of the larger 
frogs of a species tend to take up more fluid than those of the 
smaller ones. This rule has nothing to do with the actual size 
of the tissues used. A ‘smair bull-frog may be larger than a| 
Targe' leopard frog, but the stomach muscle and sartorius of the 
former tend to take up less fluid from Ringer's solution than those 
of the latter. The rule is of interest in connection with the now 
well known fact that the tissues of the older (and larger) membefs 
of a species tend to contain more solids and less water than those 
of the younger members.^ ^ Experiments 26, 27, 30 and 31 show 
the variations in the manner in which the tissues of the different 
sized frogs of a species behave in Ringer’s solution. 

There are a number of other factors besides the age and size of 
a frog which have an influence on the amount of fluid which its 
stomach muscle will take up from Ringer's solution. The effects 
of temperature are, perhaps, as striking as those of any other 
influence. Figure 2 gives a comparison of the amount of fluid 
taken up from Ringer’s solution by two pieces of muscle from the 
stomach of the same leopard frog wEich were kept at about 0.5°C. 
and at room temperature respectively. The piece of muscle kept 
at room temperature took up more than twice as much fluid as 
the other. 

Experiments with diluted and concentrated Ringer's solution. 
Both the striated and smooth muscle of the frog remain alive for 
many hours in double strength Ringer and in half strength 
Ringer,^'’ and the changes of weight undergone by the two tissues 
when transferred from Ringer to one or the other of these solu- 
tions are very interesting. They add .still further evidence to 
that which has just been presented for the view that the surfaces 


i*See V. Bezoldj Zeitschrift fur wissenschaftliche Zooiogie, 1857, Bd. 8, p. 487; 
and Donaldson, Jour. Comp. Xeiir., 1910, vol. 20, p. 119. 

By ‘half strength Ringer' is meant a Riiiger solution diluted with its own vol- 
umo of distilled W'.ater, and by ‘double strength Ringer' a solution in which all the 
salts have double the concentration that they have in ordinary Ringer. 
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of the smooth muscle fibers are quite peruKvable both to th(‘ mus- 
cle salts and to the salts of Ringer’s solution. 

Overton has pointed out-*^ that the beluivior of muscle in noii- 
isotonic solutions may better be studied after t issue has Iumui 
kept for some time in a nearly isotonic solution, It^vill Ix' setai 
that this procedure presents difficulties in a comparison of smonth 
^ith striated muscle; the two tissues frotu tlie same frog hardly 
ever maintain the same weight in any salt solution, I have, 
however, overcome tftis difficulty as far as possible by using 
the tissues both of those frogs of which the smooth muscle swells 
markedly in Ringer and of those of which it doc's iiot. Th(U‘(^ 
is no important difference in the results obtained in the two <‘ases. 

TERCE/ITAQE 



' Fig. 2 Changes in weight undergone by two j)ieees of the stoiiiacli inu.si‘l<; of 
a frog, of which one (broken line) was immersed in ilinger's solution .at hehveen 
20*^ and 21°, and the other (unbroken line) in lUnger’s solutiims .'it between ()“ 
and 1°. See Experiments 19 and 20. 

Smooth muscle has another peculiarity which must be taken 
account of in the experiments to be described. If a piece of tlie 
tissue be placed in Ringer and weighed at long intervals, say every 
half hour, it will be found that its change in weight takes a cer- 
tain line. But, if at the end of an hour or so tlu' weighings be 
suddenly increased in frequency to once in five or ten minutes, 
the tissue may begin to lose v^eight rapidly and continue to do so 
through several weighings. The same thing is true to a very mucli 
less extent for striated inuficle. Figure 3 shows the differeiKa; in 
the effects of increasing the frequency of weighings and dryings in 
the two tissues. 

2“ Overton; Archiv fiir die gesammte Physiologic, 1002, Bd. 92, p. 128. 
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This difficulty was overcome, as far as possible, by leaving 
the two tissues first for a considerable time in Ringer, and trans- 
ferring them to 50 per cent Ringer only after they had undergone 
a number of weighings in Ringer at the same intervals as were 
subsequently to be used in the 50 per cent Ringer. Figure 3 shows 
the results of an experiment in which, as it happened, the two 
kinds of muscle, under the influence of the frequent weighings in 
Ringer, reached a constant weight which in both cases was 
between 7 and 8 per cent less than their ol-iginal weight. 

As figure 3 shows, the curves of swelling of the two tissues in 
50 per cent Ringer are quite different from each other. During 
the first eight minutes after transfer to the hypotonic solution the 
striated muscle swells five times as rapidly as the smooth muscle; 
the swelling curve of the former is more or less exponential in 
character while that of the latter tends toward being a straight line. 

I have carried out a number of experiments of this sort in which 
the detail has been much varied. The muscles have come from 
large and small individuals of leopard, green and bull-frogs. 
Sometimes the piece of stomach has been larger and sometimes the 
sartorius. The surface exposed by the two pieces in relation to 
the volume has not differed very widely, but was probably greater 
in the case 'of the stomach muscle.' This ought to have caused a 
more rapid early swelling in the case of the stomach muscle, if 
other conditions had been the same. In one case the swelling 
curve of a sartorius in 50 per cent Ringer was studied after its 
fibers had been cut across. The results did not differ materially 
from those obtained with the uncut sartorii; for, though cutting 
across the fibers of striated muscle causes it to swell slowly in 
Ringer’s solution, this swelling is too slow to markedly alter the 
course of swelling in the first half hour after transference from 
Ringer to 50 per cent Ringer. 

In all these experiments the results were essentially the same — 
a fairly regular curve for the striated muscle rising rapidly in the 
early stages, and a more irregular curve for the smooth muscle 
much slower in the early stages and tending to be a straight line. 

Figure 4 shows the results of an experiment in general similar 
to that shown in figure 3. 
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I have carried out a number of experiments in which the pro- 
cedure was exactly the same as in those which have just been 
described, except that at a certain point in the experiment the 
tissue was transferred from Ringer to double strength Ringer 
instead of to 50 per cent Ringer. Figures 5 and 6 give the results 
of two such experiments. If figure 6 be compared with figure 4, 
it will be seen that the striated muscle loses weight in the hyper- 
tonic Ringer very much as it gains weight in the hypotonic Ringer. 
The curves in both cases are at first roughly exponential and then 
tend to be straight lines, and the rapidity of loss in the double 
strength Ringer is about equivalent to the rapidity of gain in the 
half strength Ringer. In the smooth muscle the results are 
widely different. The curves here show no indication of definite 
mathematical character; the loss of weight during the second 
interval after transference to the hypertonic solution is more rapid 
than during the first interval. Perhaps, however, the most sur- 
prising result is the differerce between the rapidity of the loss 
undergone by the smooth n.uscle in the hypertonic solution and 
that of the gain undergone by the same tissue in the hypotonic 
solution. In the first sixteen minutes after transfer to the hypo- 
tonic solution, the tissue gains only 2 per cent of its original 
weight while in the first sixteen minutes after transfer to the 
hypertonic solution it loses 15 per cent. The same result has 
been obtained in most of the experiments which I have carried 
out. 

Experiments with solutions of single electrolytes. Overton and 
other investigators have carried out experiments in which the 
weight changes of frog’ striated muscle in solutions of various 
salts have been followed. These experiments have shown that 
as a general rule the tissue tends to maintain its original weight 
in solutions which have about the same osmotic pressure as a 
0.7 per cent NaCl solution, to lose weight in solutions hypertonic 
to this, and%o gain weight in hypotonic solutions. The theory 
that the striated muscle fibers are surrounded by semi-permeable 
membranes rests partly on the results of such experiments. 

In 0.7 per cent NaCl solution smooth muscle gains in weigh! 
at first rather more rapidly than in Ringer’s solution, but this 
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gain soon comes to an end and is followed by a fairly rapid loss 
in weight (fig. 7 and Experiments 34 , 35 and 36 ) . The tissue may 
remain somewhat irritable for twenty-four hours in the NaCl 
solution. 

Other experiments have been tried in which pieces of striated 
and smooth muscle were immersed in 0.9 per cent KCl solution, 
1.3 per cent K2HPO4 solution, and 1 per cent NaC2H302 solution, 
all of which have very nearly the same osmotic pressure as a 0 . 7 ' 
per cent NaCl solution (fig. 8 and Experiments 64 , 65 , 66, 67 , 68, 
69 , 72 and 73 ). In the KCl solution the smooth muscle first loses 
weight and then gains from 45 to 55 per cent of its original weight, 
though it remains irritable through the twenty hours or more of 
the experiment. In the other solutions it gains slowly and steadily 
and to about the same extent as it does in Ringer’s solution. It 
maintains its irritability for about twenty-four hours in these solu- 
tions also. 

In connection with the question of the reactions of muscle to 
potassium chloride, certain facts must be mentioned, which have 
been overlooked by Overton, and which show in a striking way 
how dangerous it is to theorize about the nature of the semi-per- 
meable membranes of striated muscle. * Overton makes the claim 
that the surfaces of the living striated muscle fibers are imper- 
meable to the salts of the alkalies and of the alkali earths and to 
their ions.^^ The evidence for this view is that living striated 
muscle maintains its original weight in isotonic solutions of these 
salts. Overton knew, however, that striated muscle swells quite 
rapidly in isotonic solutions of certain salts, notably KCl, and he 
thought that the tissue was rapidly killed by an isotonic solution 
of this salt. He drawls a distinction between KCl, KBr, KI and 
KNO3 on the one llfand and K2HPO4, K2SO4, K2C4H2O4 (OH) 2, 
KC2H5SO4 and KC2H3O2 on the other. 22 He maintains that in 
isotonic solutions of the former salts the muscle swells and is 
soon killed, while in isotonic solutions of the latter it does not 
swell and is only temporarily paralyzed and its irritabihty may be 
quickly restored by transferring it to Ringer’s solution. In 

Overton; Archivfiir die gesammte Physiologic, 1904, Bd. 105, p. 281. 

Overton; Loc. cit., p. 199. 
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Fig. 7 Changes in weight undergone by throe strips of living snioolh iiiusvle, of whivh 
one (broken line) was immersed in Ringer's srdution; and the otiier Iwn (tinf>rokon liiif's) 
in 0.7 per cent NaCl solution. Bee Experiments 34, and aii. 



nOUR.5 

Fig, 8 Changes in weigiil, nndergona by the «a.1oriu, (brnken l.nej 
unbroken line) of a frog in 0,9 per cent KCI solntion. bee bxpernnent. ..n „ ■ 
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experimenting with isotonic KCl solution I have found that it 
does not kill frog’s striated muscle even in several hours at tem- 
peratures below 18°. It takes the muscle a good deal longer to 
recover in Ringer’s solution after immersion in KCl than after 
immersion in K 2 HPO 4 , but the recovery does take place in time 
Yery completely, even though the swelling in the KCl solution 
may have amounted to 50^ per cent of the original weight of the 
muscle (Experiments 64, 66 , 72, 74 and 77). 

The membranes surrounding the fibers of striated muscle must, 
therefore, be regarded as quite permeable to KCl, and this would 
seem to make it difficult to generalize about their chemical 
nature. They must differ in an interesting way from the mem- 
branes surrounding the red blood cells, which are notably imper- 
meable to KCl. 25 The permeability of the muscle membranes to 
KCl may play an important part in the maintenance by the fibers 
of their normal potassium content. 

Experiments with solutions of non-electrolytes. One* of the 
stroi'gest reasons for believing that the fibers of frog’s striated 
muscle are surrounded by semi-permeable membranes, is the fact 
that the tissue maintains its original weight for many hours in 
isotonic solutions of sugar, gains weight in hypotonic solutions,^ 
and loses weight in hypertonic solutions of this substance. Over- 
ton has tried the effect of immersing the tissue in isotonic solu- 
tions of various sugars and of a number of other non-electrolytes. 
He finds that it maintains its original weight in isotonic solutions 
of sugars and of amino acids, but gains weight more or less rapidly 
in isotonic solutions of glycerine and urea.^^ He concludes that 
the muscle membranes are permeable to the last two substances 
and impermeable to the others. 

1 have followed the weight changes undergone by smooth mus- 
cle in isotonic solutions of cane sugar, lactose, dextrose and alanin. 
The tissue gains weight rapidly in all of these solutions (figs. 9, 

2 * Hamburger; Osmotischer Druck und lonenlehre, Wiesbaden, 1902, vol. 1, pp. 
208 and 209. 

Overton; Archiv fur gesaiiimte Physiologie, 1902, Bd. 92, pp. 215, 224, 233; • 
see also pp. 352-357. 

Loc. cit., pp. 197, 198 and 205-207. 
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PeRCe^lTAQLQhA/njC’ 
,1/1 weight 



• ninuTcs 

Fig. 9 Ch;inges in ivcight undergone by living snuHuii 
muscle m 7.5 per cenf cane .sugar solution, 
periment 15. 


lv\- 


rEfttE/lTAGC 
CHA/1(aCl/: WE!<aHT 



Fig. 10 Changes of vveight undergone by the sartorins (broken line) arul sUmh tnns- 
cle (unbroken line) of a frog in 7. .5 iier cent lactose solution. See Rxiteriuierit.s 7S ;iik1 79. 

PERCC/irAQEGHAnGE 

l/1WCI<jMT 



Fig. 11 Changes in weight undergone by the sartorius (broken line; and stomach mu.s- 
cle (unbroken line) of a frog in 3,95 per cent dcxtro.se solution. See experiment 75 and 7(3. 
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rCR^C/ITAQt: ^.rlA/lQ£ 
l/IWEKjriT 



FiR. 12 (’hanges in weight undergone by the sartorius (broken line) and stom- 
ach muscle (unbroken line) of a frog in 2.3 per cent alanin solution. See Experi- 
ments 45 and 4G. 


lOj 11 and 12 and Experiments 15, 25, 46, 76 and 79). Experi- 
ments 14, 45, 75 and 78 show the behavior of the striated muscle 
from the same frogs in the same solutions. The smooth muscle 
remains alive in these solutions decidedly longer than does the 
striated muscle. 

I have also found that both smooth and striated muscle gain 
weight rapidly dn isotonic solutions of glycerine and urea, but I 
have not thought it worth while to publish detailed accounts of 
the experiments with these substances, as the two tissues soon 
lose their irritability in solutions of them. The striated muscle 
goes into rigor, while the fibers of smooth muscle lengthen enor- 
mously. In a few cases preparations of striated and smooth 
muscle have been immersed in hypertonic solutions of dextrose 
and cane sugar (Experiments 21, 22, 40, 50, 70 and 71). The 
striated muscle tends to lose weight in such solutions, while the 
smooth muscle gains weight, though not quite so fast as in the 
isotonic solutions. The behavior of 'the smooth muscle in these 
sugar solutions is, however, rather capricious. If Experiment 50 
be compared with Experiment 71, it will be noticed that the mus- 
cle in the stronger solution has gained a larger percentage of its 
origi7i,al weight at the end of two hours than the muscle in the 
weaker solution. 
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These experiments were carried out before I was aware of t]u‘ 
fact that the rapidity with which a [)iece of smootli inuscK' swells 
in a sugar solution depends very largely on the size of the piece of 
muscle and on the amount of the sugar solution with which it 
comes in contact. It will be sho^vn latei' that a cejtain amount 
of sodium (in all probability combined with chlorimt) ditfusi's 
out from smooth muscle immersed in an isotonic sugar solution: 
and very small amounts of sodium chloi’ide added to an isotonic 
sugar solution greatly reduce or piawTut altogether the swelling 


rEtranTAQecMAncjE 

i/iwdqiHT 



Fig. 13 Changes in weight undergone b}' two pieces of living sniooili innsclt-. 
of which one (broken line) was immersed in 7..t j)er cent caiu' sugar soluimn: ;tn>l 
the other (unbroken line) in a mixture containing 11) ]);ir1s of the sugar Mdutuin 
and 1 part Ringer. At the i)oint marked with an arrow tlie pure s\ig:»r sohitmii 
WHS changed. Bcc Experiments 60 and 61. 


of a piece of smooth muscle immersed in it. As evidence tor lliis 
last statement figure 13 and Experiments OO ami (U may lie 


cited. ■ 1 1 ] 

Experimenk with dislilled water. A comparison has heeii made 
of the behavior of striated and smooth muscle in distilled water 
(figs. 14, 15 and 16). The discu.s.siou of these results will hi' 


reserved until later. ■ i i . i 

Experiments with acidified Ringer's solulum. It lias beim 
shown by various investigators that smooth muscie nia>- coiitani 
small quantities of lactic acid.» It is now a well reeogmzed fac 
that lactic acid plays an important part m the phjsiolog\ 


■« Sec Saiki; Jour. Bid. VhemLstry, 1908, vol, 4, p. 4S.5; Moigs, .timaican .lour. 
Physiol,, 1909, vol. 24, pp. n and 6. 
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rERQiiiiTACiE; 

i.iwElQriT 



Fig. 14 Changes in weight 
undergone by a living sarto- 
rius (broken line) and by a 
dead sartorius (unbroken 
line) immersed In distilled 
water. See Experiments 2 
and 4. 




\n WEKgUT 



Fig. 15 Changes in weight 
undergone by smooth muscle 
immersed while still living 
in distilled water. See Ex- 
periment 3. 





Fig. 16 Changes in weight undergone by frog’s sartorius (broken line) and stoni.ach 
muscle (unbroken line) immersed in distilled water. See Experiments 1 and 13. 
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striated muscle, and it is an interesting question what elToct small 
quantities of acid would have on the tendency of the smooth 
muscle fibers to imbibe fluid. 

A number of experiments have been carried out with the vitnv 
of answering this question. It is, of course, not jiraeticabh' to 
add the lactic acid to the Ringer's solution deseril)ed on ]>. 505, 
for the NaHCOa contained in that solution wo\fld react with small 
quantities of the acid. For this reason the beliavior of ]iieeis of 
smooth muscle in Ringer’s solution has be(‘n (’ompared. on the 
one hand, M^h the behavior of pieces of muscle in a Finger solu- 
tion from which the KaHCO;^ has been omitted, and, on t lu' ntlier, 



Fig. 17 Changes in weight undergone by two striiw of living smooth nnisi-lo, 
of which one (broken line) was immersed in Uinger’s solution; and llu; other 
(unbroken line), in a Ringer solution in which 0.01 per cent of lactic .acid had 
been substituted for the XallCOs. See Experiments 21 and AS. 

with the behavior of pieces of muscle in a Ringer solution in which 
a small quantity of lactic acid has been substituted for the 
NaHCOj. The results have showni that similar pieces of muscle^ 
gain weight to about the same extent in Ringer’s solution and m 
Ringer without NaHCO,; but that the tendency to gain weight 
is almost absent in a Ringer solution in which 0.01 per cent c 
lactic acid is substituted for the NaHCO^, and is soon succeeded 
by a tendency to lose weight (fig. 17 and Experiments 10, 11, 1 j, 
27, 28, 36, 37 and 53). 

Pieces of smooth muscle tend to take up fluid from a Ringer 
solution in which larger quantities of lactic ac'cniave been su - 
stituted for the NaHCOa (Experiments 23 and ?!}. 
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THE CHANGES OF WEIGHT UNDERGONE BY CONNECTIVE TISSUE 
IN VARIOUS SOLUTIONS 

The changes of weight undergone by connective tissue in cer- 
tain solutions has been studied for the purpose of having the reac- 
tions of a third tissue to compare with those of striated and 
smooth muscle. 

Connective tissue gains weight in Ringer’s solution and to 
about the same extent as does smooth muscle. In three experi- 
ments in which bull-frogs’ tendons were left for frc^ seventeen 
to twenty-four hours in Ringer’s solution at temperatures between 
18^ and 22°C. the average maximum gain in weight was 20.2 
per cent, the smallest gain being 14.6 per cent and the largest 23.1 
per cent. In figure IS the curve of gain in weight of one of these 
pieces of tendon is compared with that which was obtained in one 
of the experiments on stomach muscle. The curve of gain in 
weight of the smooth muscle is somewhat more irregular than that 
of the tendon but has otherwise very much the same character. 
It is easy to understand that the swelling in the case of the smooth 
muscle might be more or less irregular when one remembers how 
marked an effect small quantities of lactic acid have on the swell- 
ing of this tissue. The smooth muscle remained highly irritable 
through the whole course of the experiment recorded in figure 18, 
and it is not at all an improbable supposition that the course of 
the s\\^lling was modified by the production of metabolites by 
the muscle. 

Temperature has an influence on the swelling of tendon in 
Ringer’s solution more or less like that which it has in the case of 
.smooth muscle. Figure 19 gives the swelling curves of two pieces 
of tendon from the same frog kept in Ringer’s solution at room 
temperature and at between 0° and 1° respectively. It will be 
seen that the swelling of the tendon is considerably slowed by 
cold. If, however, figure 19 be compared with figure 2 which 
gives the results of a similar experiment on smooth muscle, it 
will be seen that the effect of cold on the swelling of tendon differs 
considerably from that which it has on the swelling of muscle. 
The effect of c^ld on the tendon is much less marked, and at 
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QUAnot: i/i wt^ni 



Fig. 18 Changes uf weigh! luulergone ))y snundli iim<(;!i' ih^iki'ii line ntid 1i> 
tendon (unbroken line) in Ringer's srjln(i!)ii. ,<(>(> I-Aperiiiunits is .Ss. 


''CR CtnTAQt ytlAncot in WtiCiMT 



Fig. 19 Changes of weight undergone i)y tlie Achilles ((‘itdnns uf a biill-frug 
in Ringer’s solution at between 20*’ and 22’ (broken line) rind .it heiweeii IF and 
1“ (unbroken line), icspcctively, See Fxj)enincnt.s :ui<l 1^. 
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the end of two or three hours the tendon kept at the lower tem- 
perature begins to gain faster than the other. In the case of the 
smooth muscle, on the other hand, the swelling is slower at the 
lower temperature through the whole six hours of the experiment. 

The swelling of tendon in 0.7 per cent NaCl solution does not 
differ much from that which takes place in Ringer’s solution. 
Three experiments were carried out in which pieces of tendon were 
immersed for from nineteen to twenty-four hours in 0.7 per cent 
NaCl solution at temperatures varying between 18° and 21°. 
At the ends of the experiments the pieces of tissue weighed 14.5 
per cent, 18.2 per cent and 20.4 per cent more than originally, 
the average gain being 18 per cent. The weight of the three pieces 
of tissue increased gradually throughout the course of the experi- 
ment; there was no tendency toward a rapid gain followed after 
three to six hours by a loss, as there is in the case of smooth muscle 
immersed in 0.7 per cent NaCl solution. Experiment 40 gives the 
details of the change of weight undergone by tendon in 0.7 per 
cent NaCl solution. 

In 7.5 per cent cane sugar solution, tendon gains weight to about 
the same extent as in Ringer (Experiment 29). And in distilled 
water tendon gains weight very much less than does smooth mus- 
cl^and not very markedly more than in Ringer’s solution (Experi- 
ment 41). 

Tendon swells less in Ringer without NaHCOs than in ordinary 
Ringer (Experiments 38, 42, 43 and 47). But if small quantities 
of lactic acid be added to the Ringer without NaHCOs the tendon 
swells markedly more than in Ringer (Experiments 39 and 44). 

SUMMARY OF THE RESULTS SO FAR DESCRIBED 

In the preceding pages the changes of weight undergone by 
smooth muscle in various solutions has been compared, on the 
one hand, wdth the reactions of striated muscle, and on the other, 
with those of tendon. The results are in full accord with the prev- 
alent view that the surfaces of the living striated muscle fibers 
are highly impermeable to salts and sugars. The results with 
smooth muscle and tendon, however, indicate that no considerable 
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portions of these tissues are surrounded by scMiii-pernieabb' mem- 
branes. The changes of weight iindergoiu' by smootli musele 
and tendon in various solutions bear only rough mlaliou to tlu‘ 
osmbtic pressures of the solutions, and am in all prubahilvlv 
aualogous to tlae ckauges oi \\\nV-v»m\e k «eVA\\u 

hbriti under similar conditions. The diih n'cuci's in tVu' 
oi smootla and striated imiscle in tlve soUnious used nlways siu>w 
themselves long before either tissue has ixuiuaiienfly los( Ms 
irritability. Under all the conditions so far ti'icd Ihe smootli 
muscle remains alive longer than the striated; and the rend ions 
of the former must therefore be regarded as, if anytbinK. more 
'normal’ than those of the latter. 


CHEMIC.ti EXPERIMENTS ON THE DIFFUSION OF SALT AND SFOAIt 
through THE SURFACES OF THE SMOOTH MU.siT.F: I'lliUKS 

The experiments on the changes of weight undergone by smooth 
musele in various solutions should be supplemented by numerous 
others which will demonstrate directly b\- chemical analysis that 
.salts and sugars diffuse tlirough the surfaces of liie living smooth 
muscle fibers;’aiul by still others which will throw light, on the 
sources of the potassium and phosphorus found m the smoot i 
muscle ash. I hope to carry out such experiments in the n*t 
distant future. But such chemical ('xpcnmcnts demand a. giea , 
deal of time and material; it will, iierhaps, h(‘ firoper to give m 
this place some preliminary results from work m this liclil. 

Experiments 58, 59, 62 and 63 give the results of an attempt 1o 
determine directly whether pota.ssiuin, sodium, and cane sugar 
diffuse through the surfaces of the living smoolh 
Experiments 58 and 59 show that something more than 41 
cenT of the tissue’s sodium diffuses out into a " y 

solution m five hours. The volume of su^ sampler of 1 s ^ 
were used in Experiments 58, 59, 62 and 6.1 
per cent of muscle fibers and to about a pei << n , o ^ ^ 

Sssue and interstitial spaces. If the ^ ‘'y ^ yy;!;;;!:;. 
stitial spaces be supposed to contain . a , m , . ,j 
tration L the blood plasma," the amount of the salt in these pmts 

See Urano: Zeinwlnift ITn molegio, 1907, lid. .70, pp. 21S, 219. 221 .md 2i,. 

tub journal or expebimknt.^l zoology, VOL. 13, NO. I 
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of the preparations would be 0.4 X 0.15 or 0,06 per cent of the 
'weight of the whole fresh preparation., The total amount of 
NaCl in such preparations as those used in Experiments 58 and 59 
is about 0.19 per cent. Forty per cent of this would be 0.f9 X 
0.4, or 0.076 per cent of the weight of the whole fresh preparation. 
It would seem, therefore, as if more NaCl had been lost by the 
preparation than could be accounted for by supposing that all 
the NaCl contained in the connective tissue and interstitial 
spaces had diffused out into the sugar solution; and that some 
NaCl must, therefore, have been lost by the fibers. 

I realize that the results of this computation ought not to be 
taken too seriously. The estimates of the relative volumes occu- 
pied by the fibers and other parts of the preparations used are 
rough, and the quantities of sodium dealt with in the analyses are 
small. On the other hand, it is very unlikely that all the NaCl 
would diffuse out from the connective tissue and interstitial spaces 
under the conditions of Experiment 59, and the experiment may, 
therefore, be regarded as prima facie evidence for the view that 
NaCl diffuses through the surfaces of the living smooth muscle 
fibers. 

The case for the diffusion of cane sugar into the muscle fibers 
if Experiments 62 and 63 is much clearer. Experiment 62 shows 
that the samples of smooth muscle used contained 17.82 per cent 
of solid matter. • It may be supposed, therefore, that the tissue 
used in Experiment 63 contained 5.3976 X 0,1782, or 0.9619 
grams of solid matter. But its dry weight after about six hours 
stay in the 7.5 per cent sugar solution was 1.1422 grams, from 
which it would appear that 1.1422 — 0.9619 or 0.1803 grams of 
sugar had diffused into the muscle. 

The muscle treated with sugar solution contained at the end of 
its treatment 6.1854-1.1422 or 5.0432 grams of water, into which 
had diffused 0.1803 grams or 3.6 per cent of sugar. That is to 
say, enough sugar had diffused into the muscle to bring the con- 
centration of that substance in the muscle water up to 3.6 per 
cent; or, to look at the matter in another light, it may be said that 
a little less than half the water of the muscle was made up to a 
7.5 per cent sugar solution. It is inconceivable that all this sugar 
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was contained in the connective tissue ami interstitial spaces i>f 
the preparation. 

It has been argued by Meigs and Ryan-^ from the sodium and 
chlorine content of smooth muscle that about, iialf th(‘ water of 
the tissue is held by the colloids as orgauie water. 1 1 is very inter- 
esting to note that the amount of sugar which dilTustal into llie 
muscle in Experiment 63 is less tlum, though not very far from, 
the amount which would be required to bring the eoruamtration 
of that substance up to 7.5 per cent of the weight of the supposcal 
quantity of inorganic wnter in th(' tis.sma 

Experiments 58 and 59 show that smootJi muscle holds its pota.s- 
sium under even rather unfavorable conditions witli nauarkable 
tenacity. It is interesting to compare tin' lasult-s of tln'si' (‘xpc'ia- 
mcnts with those of results obtained by rraiio-*’ and Idahr-**^ 
in more or less similar experiments o?i striated muscha 

In my experiments no precautions \chat('\an’ V'ere takrai in 
preparing the muscle, or to keep it near its normal slat(' dining 
its stay in sugar solution. The muscle was haudh'd (}uit(' loughl} 
in separating it from the mucous membrane, ami st ill umv roughly 
in freeing it from sub-mucous connective tissue, laach ])iec(‘ of, 
muscle was cut along the line of the lesser curvatuiv in o!-d<n‘^to 
open the stomach and then into a cardiac and ])yloric iiortion. 
The room temperature during the preparat.ion.of tlu' tissue was 
22° and the temperature of the sugar solution in which it was kept 
varied between 22° and 25°. Finally the thin slu'cts of stomach 
muscle probably presented about tlu^ same amount of surface in 
relation to their volume as did the sartorii used by tuauo and 


Fahr. * ■ r ^ ■ f i 

Urano found that about a third of the potassium of striated 

muscle would diffuse out into a sugar solution if the tissue were 
not carefully prepared. He accordingly used sartorii, whicr 
were carefully prepared and kept lu cooled and oxygenated suga 
solution; and, even under these conditions, the 
24 per cent of its potassium in six hours, hahr usui in general 


” Meigs and Ryan; Jour. Biot Chemistry, WU XI. P- Wy 

1. UraL; Zeitsehrift fiir Biologie, , P- U. IW. P- 

Fahc; Zeitsehrift fiir Biologie, 1908, Bd. o-, p. 
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the same technique as Urano, but prepared his sartorii still more 
carefully, and found that it lost about 6 per cent of its potassium 
in six hours. The smooth muscle used in my experiments and 
treated as above described lost only 4 per cent of its potassium in 
five hours. 

These results at least indicate that the potassium of smooth 
muscle is held in the tissue in some way other than by such 
semi-permeable membranes as may be supposed to surround the 
striated muscle fibers. 

TIIE CHA^^GES OF LENGTH UNDERGONE BY SMOOTH MUSCLE IN 
VARIOUS SOLUTIONS 

In earlier articles the author has given evidence to show that 
the contraction of both^strig^ted and smooth muscle is the direct 
mechanical result of a change in the volume of certain histological 
components of the two tissues. It is probable that the contrac- 
tion of striated muscle is caused by an increase in the volume of 
its sarcostyles; while that of smooth muscle is caused by a decrease 
in the volume of its fibers. These conclusions rest partly on the 
results of a microscopic examination of the two tissues in relaxa- 
tion and contraction, partly on the fact that the two tissues may be 
made to change in length by immersing them in reagents which 
bring about changes in their volunie.^^ 

The relations between the changes in length and the changes in 
weight which occur in striated muscle as the result of immersing 
it in various solutions have already received a good deal of atten- 
tion, and it has been shown that these relations are such as to 
indicate that any increase in the volume of the sarcostyles causes 
them to shorten.®^ 

In the experiments on the changes of weight undergone by 
smooth muscle in various solutions, which have been described 
in the preceding pages, the changes of length undergone by the 
muscle fibers have been roughly followed. It is usually easy to 

See Meigs; Zeitschrift fiir Allgemeine Physiologie, 1908, Bd. 8, p. 81; American 
Jour. Physiol., 1908, vol. 22, p. 477, 

Meigs; American Jour, Physiol., 1910, vol 26, p. 191. 
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do this by simple inspection of the piece of muscle, for the propor- 
tional change of length undergone by smootli muscle fibers is N'cry 
considerable. I was careful, however, to make m>' judgments of 
the changes in length as objective as possible. Where luhav- 
ior of a single piece of tissue was bei?ig studitMl. th(^ <piestiou 
whether the fibers had shortened or lengthened mueh or little 
was in each case decided before weighing. It u’as found that the 
amount of change^ in weight could in most cases, be pnHlicUal sur- 
prisingly acouratdy from a knowledge of the eliangc wliieli had 
taken place in the length of the muscle fibers. In many eases 
the changes undergone by two pieces of musele, of which the 
fibers had about the same lengtli at the start, were eoiujiared 
with each other. In a few cases, the length of the fibers of jiioces 


of muscle was measured at various stages of the expenmeut. 

It has been found to be a very«eneral rule that increase in 
the weight of a piece of sntooth muscle goes hand in hand with 
increase in the length of its fibers, while decrease in the caught of 
the muscle is accompanied by a decrease in the length of its filxu'S. 
For the evidence on this point, the reader is referred to tln^ ^erioh 
of protocols of the experiments. Some of the cases are v(’r\^ strik- 
ing. Pieces of smooth muscle, transferred from Itiugi'r tn lialt 
strength Ringer, for instance, gain weight and kaigtlxMi slow 
while pieces of smooth muscle, transfernal from Jlmger to doub c 
strength Ringer, lose weight and shorten rapidl\' (l^xpcuamen ,s 

^^inL^rNaC! and KCI snlutio.is, . smooth rniisclo uucI.tkoo.s 
a diphasic change of weight. In the NaCl so ntmu . hrs ga.ns 
weight and then loses, while in the KCI .sokitmn « 

weight and then gains. In both case.s increase m weigh t ,uds t > 
be accompanied by lengthening of -sde lers ^ dcii, a c 
in weight by shortening (Experiments y, .io, iw an l 
be .»«1 in then,, ^nn».. .he .jh. 
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increase in the volume of the individual fibers brings about an 
increase in their length and vice versa. 

The NaCl and KCl solutions would not affect all the fibers of 
the preparation in the same way at the same time. In the NaCl 
solution, for instance, the outer fibers of the preparation would al- 
ready have passed tlirough the stage of swelling and lengthening, 
and would have begun to lose weight and shorten while the inner 
fibers were still swelling. And in the KCl solution, the outer fibers 
would begin to swell long before the inner ones had completed 
the stage of losing weight and* shortening. As the preparations 
are allowed to lie in the solutions with their ends unattached, the 
shortening of a very few fibers would show itself as a shortening 
of the whole preparation, and this is no doubt the reason why the 
shortening begins in NaCl before the loss of weight is marked; and 
lasts far into the period of^ain in weight in the KCl solution. 
In Experiment 35, the muscle was not examined until after it 
had beer^or more than three hours in the NaCl solution, and the 
period of marked lengthening is, therefore, not recorded. 

It has already been said that smooth muscle varies in the 
amount of fluid which it takes up from Ringer’s solution. Other 
things being equal, the tissue takes up more fluid at room tempera- 
ture than at from 0° to K, and the muscle from the larger frogs of 
a given species tends to take up more fluid than that from the 
smaller frogs. In these cases also the changes in weight and 
length go hand in hand^ — the muscle from the larger frogs of a 
species lengthens more in Ringer’s solution than that from the 
smaller frogs, and smooth muscle lengthens much more in Ringer^s 
solution at room temperature than at from 0° to 1° (Experiments 
18, 19, 20, 27, 31, 36 and^). 

Experiments 33, 55 and 57 show that when the mechanical 
stimulation which is inseparable from drying and weighing a 
piece of smooth muscle happens to cause it to shorten, it causes 
it also to lose weight. In the case of Experiment 52, the drying 
and weighing did not cause any noticeable shortening and failed 
also to cause the muscle to lose weight. 

The changes of length undergone by smooth muscle in Ringer 
solution, in which small quantities of lactic acid have been sub- 



PHYSIOLOGY OF SMOOTH AND STHIATKI) MUSl’LK 


535 


stituted far the NalfCCX, are particularly iuten\‘^lin^. becauise 
it is not improbable that lactic acid may ])lay an imj^oHaiit part* 
in the physiology of the tissue. It lia.-^ l)e(aL shown on ]>. 525 tliat 
small quantities of lactic acid inhibit the tendency of snaH)th 
muscle to gain Aveight in Ringer’s solution. The ((Muleiiey for 
the fibers to lengthen is also inhibited by thi' acid (i^xptu’iuMMits 
27 and 28). 

There are certain cases in Avhicli the ruh' that smooth muscle 
lengthens when it increases in weiglit and shortvais whvii it de- 
creases in weight does not hold. One of thes(^ lias already been 
described in a previous article. Pieces of smooth mus(*le im- 
mersed in slightly alkaline Ringer slimhai without uiulergoing 
any marked decrease in Aveight. It lias been slunvn, howmaa-, 
that under these circumstances the fibers los(‘ fluid which is ludd 
by the muscle in the interstitial spaJes. Tliis case would not, 
therefore, be an exception to the rule that th(‘ shortening of smoot h 
muscle fibers is accompanied by a decrease in tlu'ii- own foliimi'. 

Another partial exception is the case of muscle immc'rsih m 
Ringer Avithout NaHCOs to which moderately large amounts of 
lactic acid have been added— 0.05 per cent or above. Pi('C(\s of 
frog's stomach muscle take up considerable (piautitii's of fluid 
from such acid solutions without kmgtheniug in proportion, 
though some lengthening often does occui' (Exporinu'ut 24). 

The action of such lactic acid solutions on smooth miiscli^ is, 
however, rather complicated. Solutions which contain less than 
0.025 per cent of acid create a tendency for the muscle fibers to 
lose weight and shorten. It is probable that when a ])i('cc of 
muscle is immersed in one of the strongqj^acid solutions, f he acid 
reaches the inner fibers at first in a lower concentration and caus(>s 
in them a tendency to shorten. Further, the acid producers a 
peculiar change in the consistency of the muscle, nmdmmig it 
stiff and inektensible. It may well be that this sidting of the 
muscle substance renders it incapable of uudcrgoiiig any marked 
change in length. 


Meigs; Am erican Jour. Physiol,, 1912, vol. -O, p. 317. 
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GENERAL DISCUSSION 

The preceding pages of this article contain httle more than an 
account of experiments, which, however, have an unmistakable 
bearing. They point to the view that the fibers of smooth muscle 
differ from those of striated muscle in not being surrounded by 
semi-permeable membranes; and they confirm the view, for which 
much independent evidence has already been adduced,®* that the 
lengthening and shortening of smooth muscle^bers under physio- 
logical and other conditions result from increase and decrease in 
their volume, respectively. 

EvideJice that the smooth muscle fibers change in vohime when 
immersed in various solutions 

These conclusions cannot be drawn from the experiments, 
however, unless it can be shown that the changes of weight under- 
gone by the smooth muscle preparations represent changes in the 
volume of the fibers. It is vei*y desirable, therefore, to have as 
much evidence as possible on this point. It has already been 
shown that the smooth muscle fibers make up about 80 per cent 
of the volume of such preparations as were used in the experi- 
ments; the remainder consists roughly of equal parts of connec- 
tive tissue and of spaces between the fibers which contain no 
formed histological elements. 

These facts alone make it difficult to believe that the changes 
of weight undergone by the tissue in most of the experiments can 
be attributed to anything except changes in the volume of the 
fibers. The interstitial4lpaces and connective tissue would both 
have to double in volume in order to account for an increase of 
20 per cent in the volume of the preparation as a whole, and that 
such a change would occur in say Ringer’s solution is to say the 
least improbable. In other cases, as, for instance, where the prep- 
aration is immersed in double strength Ringer, it would have to 
be supposed that the interstitial spaces and connective tissue com- 
pletely disappeared in order to account for the loss of weight which 


Meigs; American Jour. Physiol., 1908, vol. 22, p. 477; 1912, vol. 29, p, 317. 
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ensues. But the question is a very iini^ortnut one, aiul vavio\is 
experiments have been carried out with the \'iew of it. 

as completely as possible. 

It will hardly be supposed that the clian^es in weifrht ui the 
pieces of smooth muscle used in the ex])erinie]i.ts arc to be asciibcd 
to changes in the volume of the interstitial spa(‘i\<. which contain 
no formed histological elements. C'hanges in tlie ^-nhinu^ of tlnse 
spaces would hav^ to be very large in proportion lo theii‘ original 
volume, in order to account for the most, inodei'ato (‘]\a!vge in 
weight of the whole preparation, and there is (A-idcMua^ to slmw that 
in Ringer^s solution no such change jji the voluim' of tlu' int(a-sti- 
tial spaces occurs. Cross sections of smooth musch' ai)out 0.2 
mm. thick have been kept for twelve hours or more Bingcr’s 
solution and then examined microscopically. Tlu' interstitial 
spaces in such sections are not proportionally larger than in si'(‘- 
tions of smooth muscle /rom a freshly killed fj’og. Tlu' st'clions 
of muscle kept for twelve hours in Ritigca-’s sohition ukiv some- 
times be seen to contract when .stimulated Ixmeath the mi(na)- 
scope. 

Pieces of smooth muscle transferred fi'om Kiug(‘rs solutriou 
to double strength Ringer often lose, as has Vavn said, 2(1 per c<mt 
or more of their original weight. This lo.'^s could not be acc( united 
for by a change in the voluiiu^ of the int^erstitial spines, if it 
were supposed that these altogether disappixiri^d. But if thin 
cross sections of muscle which have been for sometinw in double 
strer.gth Ringer be examined microscoiiically, it will l>e found that 
the interstitial spaces are relatively as largi^ as or largin' than the 
spaces in similar preparations of fresh miiscle.^ _ 

The experiments with connective tissue, descnlx'd on ])]). o*- » ^ 
528 make it difficult to believe that changes in th(‘ winght ol this 
tissue play any considerable part in tlu^ (‘hanges of wiught under- 
gone bv the smooth muscle pre^uirations in various solutions. 
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The osmotic properties of striated muscle 

My experiments with striated muscle confirm Overtones results 
with striated muscle except in the case of the action of isotonic 
KCI solutions. My results show that the weight of living striated 
muscle immersed in an isotonic KCI solution may increase 50 
per cent; from which it follows that the surfaces of the living stri- 
ated muscle fibers are quite permeable to KCI. The experiments 
with half strength and double strength RingeT- solution, add to 
the already existing evidence for the view that the striated fibers 
are surrounded by semi-permeable membranes. They show that 
living muscle immersed in non-isotonic solutions gains or loses 
weight in such a manner as to suggest thal; osmosis plays the 
chief part in the early stages of the process. 

While the evidence for the view that the surface of the striated 
muscle fiber is relatively impermeable to salts and sugars is very 
strong, there are equally strong reasons f(lb believing that both the 
permeabihty of the surface and the osmotic pressure of the con- 
tents of the fiber are subject to variation. Some of the reasons 
for holding this view have already been given in the introduction, 
and my own experiments add still further to the evidence for it. 
The curves of figures 3,4,5 and 6 which show how striated muscle 
gains weight in half strength Ringer solution and loses weight in 
double strength Ringer solution, indicate that the osmotic pres- 
sure of the contents of the muscle fibers is subject to variation. 
It is to be noted that only the beginnings of these curves are of 
such a character as to suggest that the water intake or outflow 
is an osmotic process. After the first twenty or twenty-five min- 
utes the curves representing these processes become nearly straight 
lines — the muscle absorbs or gives out equal quantities of fluid 
in equal periods of time. 

It may readily be supposed that the initial osmotic intake of 
water from a hypotonic solution by the muscle and the consequent 
dilution of the salts within the fibers cause the muscle colloids 
to combine slowly with water. The water entering the muscle 
fibers would, therefore, combine with the colloids about as fast 
as it came in, the salts dissolved in the inorganic water would be 
maintained for some time at about the same concentration some- 
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what above that of the siirroundiu<? htilf stveut^th Ibu^er solu- 
tion, and during this period equal quant iti('s of water would enter 
the muscle fibers in equal periods of time. 

A generally similar explanation may bo gi^Tn for tlu' ouia o 
which represents- the loss of weight by the imisc’k' in (h)uhle 
strength Ringer solution. In this ease the increasing eone(Mil ra- 
tion of the salts within the fibers due to tin* loss of iuv)rganie water 
would cause the colloids to give u]) some of their organic wat(‘r, 
and the curve of loss of weight would tak(‘ the form of a straight 
line for the same reasons as in the case of the l\y])otonie solution. 

It is interesting to observe that the cur\a>s rt'preseut ing tlie loss 
of weight by striated muscle in hypertonic solutions an* more 
regular than those represiaiting the gain of w(aght in hypotonic 
solutions (compare fig. 4 with figs. 5 and 0). TIu' in'itabilit>^ of 
striated muscle is increased by immersion in ]iy])otonic solutions 
and decreased by immer^on in hyp'hrtonic solutions. After a 
few minutes' immersion in half strength Ring(U' the tissiu' ofton 
twitches as a result of the mechanical stimulation whi(‘h accom- 
panies the process of drying and weigliing. It may well be that 
the irregular chemical activity which is expressed in this tA^'itchmg 
is the cause of the irregularity of the latiT part of tho curve of 
water intake. 

Experiments 12, 17, 32 and oC furnish (nddence for the vic'w that 
under certain conditions the muscle membranes may l}ecomc 
somewhat permeable to the musch' salts, thougli tlie irritability 
of the tissue is not appreciably affcct(Hl. Tt is sliown m these 
experiments that striated muscle immersed in half strength 11 iiiger 
first gains and then loses weight, though it remains (iuiU‘ irntable 
through the whole course of the experiment. The; loss of naaght 
may most readily be accounted for by siqiposiiig that som(‘ of the 
potassium phosphate, which gives to the muschAiuul its normal 
osmotic pressure, diffuses out of the fibers m th(‘ coursi^ of the 


experiment. , , , 

The situation with regard to striated muscle may be summi. 
up by saying that osmosis plays an important pa.'t m the changi-s 

.FwiuwMch u.. .-I,™ 

solutions, but that important parts are played l).v otla. factors 


also. 
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The osmotic properties of smooth muscle 

Most of the arguments which indicate that the striated muscle 
fibers are surrounded by semi-permeable membranes fail in the 
case of smooth muscle. Smooth muscle always take up more fluid 
from Ringer’s solution than the striated muscle from the same 
animal. It is difficult to show that smooth muscle has any more 
tendency to take up fluid from a half strength Ringer solution 
than from Ringer (compare Experiments 33 and 57 with Experi- 
ments 9, 19, 27 and 53) . It is interesting to compare the behavior 
of the smooth muscle in Experiments 33 and 57 with that of the 
striated muscle from the same animals in Experiments 32 and 56 
in both Ringer and half strength Ringer. In isotonic NaC 2 H 302 
and K 2 HPO 4 solutions smooth muscle behaves more or less as 
though its fibers were surrounded by semi-permeable membranes, 
but not at all so in isotonic NaCl and KCl solutions (Experiments 
34,35,65,67,69 and 73). The curves \lhich represent the changes 
of weight undergone by smooth muscle in hypotonic and Jiyper- 
tonic Ringer solution respectively, never in the least suggest that 
the taking up or loss of water could be an osmotic process (figs. 
3 and 5). Smooth muscle takes up fluid rapidly from isotonic 
solutions of non-electrolytes, as though the surfaces of its fibers 
were highly permeable to those substances (Experiments 15, 46, 
76 and 79). Finally, cutting across the fibers of smooth muscle 
seems to produce no change in the tissue, even in the immediate 
neighborhood of the cut (see pp. 506-507). 

The swelling of smooth muscle in distilled water, in non-elec- 
trolytic solutions, and in isotonic and hjqiotonic salt solutions may 
most easily be explained by regarding it as an example of colloid 
swelling. The tissue swells in Ringer’s solution more than in its 
normal medium. Under normal circumstances the tendency of 
the smooth muscle coUoids to imbibe water is opposed by that of 
the colloids contained in the blood plasma and lymph; and this 
opposing tendency is absent from the Ringer solution. When 
smooth muscle is immersed in distilled water or in solutions of 
non-electrolytes, the salts dissolved in the fluids of its fibers diffuse 
out, and the loss of salt renders the muscle colloids more capable 
of swelling, as it does in the case of pieces of fibrin and gelatin 
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transferred from salt Solutions to distilletl water or to solut ions of 
non-electrolytes. Smooth muscle loses fluid in hy])ertoni(‘ Hinp:er 
solution because the salts from this solution diffuse into the Hirers 
and render the colloids less capable of iu\l)ihin^ or of holding 
water. 

From Experiments 34, 35, 05, 07, 09 and 73 it ap])eai‘s tliat 
NaCl has a peculiarly strong effect in lessening the ]>ower of the 
smooth muscle colloids to absorb and hold water; that Nai'dlilh 
has less effect in this direction; K.HPO 4 , still less; and K('l 
much less than any of the other three. Kx])eriments 7, 33. 57 
and 59 indicate that the smooth muscl(‘ colloids show \'er\' litth^ 
increase in their tendency to absorb wat(n* until afttn- tlu'v liav(‘ 
lost a large proportion of their XaPl In ]X]ieriment oSMIu' 
muscle had lost more than 40 per cent of its Xa(1. yet had in- 


creased in weight only 0.07 per cent. In Kx])erimeuts 33 :ind 57 
small pieces of muscle which had already shown a mnrlo'd t(Mid- 
ency to gain weight in Ringer’s solution, were only IS, I ])('i- (-('iit 
and 18.7 per cent heavier than originally after niiK'OM'ii and 
twenty hours’ immersion in half strength Ringer resixTtivdy. 
Experiments 9, 19, 27 and 53 show that i)ieees of smooth mnscle 
often gain weight more than this in Ringer’s sohition. I n hA]>eri- 
meut 7, a small piece of muscle gained only 43.() per ta^nt m the 
course of twenty-three hours’ immersion in a 0.2 i)(t cent Xa(4 
solution. This result is to be contrasted with thos(‘ of Kxpori- 
mcnts 76 and 13 in which pieces of ituiscle gained 82 ])i‘r raait and 
144 per cent of their original weights in 3.9i) per ee]it. dextroH* 


and distilled water respectively. 

A consideration of Experiments 3, 13, 15, 46, 60. 61 , 76 and /9 
shows that non-electrolytes have an effect in inhibiting tlu* terul- 
ency of the smooth muscle colloids to absorb waUa’, ])articularly 
in the presence of small amounts of clectroh t('s. It' is i]u])os, 1 
to understand why the muscle of Experiment 61 should sw( >11 so 
little in the mixture of sugar solution with Hinger, unlc'ss the sugar, 
^ as well as the electrolytes of the mixture, has an elfcvt ni mhibi ing 
the colloids from swelling. Experiments 3, 13, lo, 46, d) and /9 
show how much more rapidly and to how much greater exten 
smooth muscle swells in distilled water than m sugar solutions. 
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General ^physiology of striated and ^ooth muscle 

The changes of length undergone by the smooth muscle fibers 
in the various iolutions which have been experimented with, 
indicate that the structui'e of these fibers is such that any increase 
in their volume brings about an increase in their length. It 
must be pointed out that this conclusion and the others which 
have been reached concerning the osmotic properties of both 
striated and smooth muscle accord very well with certain earlier 
work on the histology and physiology of the two kinds of muscle. 

The histological examination of striated muscle shows that 
it has a rather complicated structure. The smallest visible 
microscopic elements are the fibrillae or sarcostyles, which are 
bundled together to form the muscle fibers. The volume of these 
is made up to about equal parts of the sarcostyles and of the 
spaces between them, which are filled with a medium probably 
fluid called sarcoplasm. The muscle ’fiber is surrounded by a 
histologically dciftonstrable membrane^ the sarcolemma. Between 
the muscle fibers are spaces filled with lymph. 

Histological examination of vertebrate smooth muscle has 
shown that its so-called fibers cannot be regarded as bundles of 
smaller elements comparable to the striated sarcostyles. The 
fresh fibers appear homogeneous^^ and the fixed fibers show little 
more sign of inner structure than does any piece of coagulated 
protoplasm.*® 

It is now well established that in fixed contracted specimens 
of striated muscle the sarcostyles are relatively larger and the 
sarcoplasmic spaces smaller than in uncontracted specimens; 
while in fixed contracted preparations of smooth muscle the fibers 
are relatively smaller and the interstitial spaces relatively larger.*^ 
The author has advocated the view that these facts mean that 
fluid passes from the sarcoplasmic spaces to the sarcostyles in 

Engelmann; Archiv fiir die gesammte Physiologie, 1881, Bd. 25, p. 546. 

” Meigs; American Jour. Physiol., 1908, vol. 22, pp. 482, et seq. 

See Hurthle; Biologisches Centralblatt, 1907, Bd. 27, pp. 122-124; Meigs, 
Zeitschrift fiir allgemeine Physiologie, 1908, Bd. 8, p. 81; American Jour. Physiol., 
1908, vol. 22, p. 477 ; Gutherz, Archiv fiir mikroskopische Anatomie und Entwickel- 
ungsgeschjehte, 1910, Bd. 75, p. 209; Heiderich; Anatomische Hefte, 1902, Bd. 19, 
p. 451; Eycleshymer, Am. Jour. Anat., 1904, vol. 3, p. 293. 
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Striated muscle duftng contraction, and from tht‘ fibers to the 
interstitial spaces during the contraction of smooth muscle. Tlic 
microscopic examination of fresh smootli muscle points to the 
game conclusion. 

It would appear, then, that during the contraction of smooth 
muscle there is an exchange of fluid between tlie C(dls of tluMissin^ 
and their surroundings. In tlu' cas(' of striated nmsele also a 
transfer of fluid occurs during contraction, hut this is entirely 
intra-celliilar. Semi-pcnneable membranes siiiToimding tla^ stri- 
ated muscle fibers would not iuterhn-e witli the intra-(*ellular 
exchange of fluid between the sarco])lasmic spaces and 1iu‘ sar- 
costyles. But it would be difficult to imderstaiul how tiu' smooth 
muscle fibers could lose fluid during evea-y coutra(‘tion and take 
it up again during every relaxation if w('re surrmiiuh'd by 
membranes which were impermeable to dissohanl salt s. 

Striated muscle swells and sliortcjis in distilhal wat(M', and 


the shortening and swelling may be r('mov(Hl togntlun- by trans- 
ferring the muscle to 0.7 ppr cent XaCd solutiou.^^ But tlu' mus- 
cle may be made to swell without shortening or to shorten wit h- 
out swelling.'’*' A careful consideration of tlie expeamutmts whi(')i 
have been carried out along th{'S(j lines sliows that, it is not )>ossibl(‘ 
to make the striated muscle go into a condition of m:irk(Hi i)er- 
manent shortening without seriously injuring it or killing it, 
only in dead muscle is there a close relation betwc’cn increase in 
weight and decrease in length. Thp.s(> facts receive* a ivady (*x- 
planation from the view that tlie shortening of striated musch* 
is caused by the swelling of its sarcostyles which are emflosed by 
the semi-permeable meni.branes of tin* fibers, but not individually 
surrounded by such jnembranes. It is easy to »•!> iiow there 
might be in living muscle under many conditaons, a temlency to- 
ward a change in the volunw of the sarcoplasmic spaces witliout 
any corresponding tendency toward a change in the volume ot 
the sarcostyles. In dead muschp on the other hand, the senu- 
perineable membranes are dcsti'oycd. the sarcorjasi.i.e iuid 
escapes, and the sarcostjdes come into eomparatn-eb closi i.. 


Meigs; American Jour. Physiol., 19^4 , ]>• • 

Meigs; American Jouf. Physiol., lOlU, \o ' _ 

‘0 Meigs; English Jour. Physiol., 1999, vol. J.), p- ■ ■ 
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tions with surrounding solutions. Under ♦these conditions a 
change in the weight of the tissue as a whole would be much more 
likely to mean a change in the volume of the sarcostyles than 
under"^ the conditicftis which exist while the tissue is still alive. 

It has been shown on pp. 532-535 of this article that changes of 
length and volume run much more closely parallel in living smooth 
muscle than in living striated muscle. This is easy to understand 
if it may be supposed that changes in the length of the smooth 
muscle fibers depend on exchanges of fluid between them and 
their surroundings. 

Many aspects of the experiments which have been described in 
this article acquire a new meaning in the light of these considera- 
tions. Striated muscle immersed in distilled water first gains in 
weight, then loses, then gains again, and finally loses again (fig. 
16).^^ This peculiar behavior is readily explained by supposing 
that the first gain is the expression of an osmotic intake of water 
which results in the production of lactic acid and the destruc- 
tion of the semi-permeable membrane^. The lactic acid causes 
the sarcostyles to swell slowly, but this swelling is more than off- 
set in the second period of the curve by the loss of fluid from the 
sarcoplasmic spaces. The second period of gain in weight is the 
expression of the slow continued swelling of the sarcostyles after 
the sarcoplasmic fluid has escaped ; and the second period of loss, 
of a slow loss of fluid by the sarcostyles due to the gradual escape 
of lactic acid to the surrounding solution. Smooth muscle 
immersed in distilled water simply gains and then slowly loses 
weight; it reacts as would the sarcostyles of striated muscle if 
they were deprived of their surrounding sarcoplasm and semi- 
permeable membranes (fig. 16). Attention may also be called 
to the character of the curves which represent the swelfing of 
smooth muscle in distilled water and hypotonic solutions, and to 
the manner in which the smooth muscle takes up fluid from solu- 
tions of non-electrolytes. In aU these particulars it resembles 
dead striated muscle much more closely than living striated 
muscle (figs. 3, 4, 5, 6, 9, 10, 11, 12, 14, 15, 16 and 20). 

It seems at first sight strange that the chemical processes which 
bring about contraction should do so in striated muscle by causing 

See also Fischer, Archiv ftir die gesammte PhysioLogie,. 1908, Bd. 124, p. 74. 
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tKe sarcostyles to swdl; and in s.uootli uu.scle, bv causing the 
fibers to lose fluid. E.xpenments 23, 2,S, 3!) atul 14 show how the 
production of lactic acid might bring about lioth sets of results 
It has long been known that .striated muscfe swells i,, weak 
acid solutions, and thus fact has been vaguely taken to mean that 
tissues generally swell in such solutions. It is now well known, 
however, that striated muscle may iirodiice large amounts of lac- 
tic acid on its own account when placed uudiM- abnormal condi- 
tions, and it IS impo-ssible to distinguish the swelling in-oduced 
by the external acid from that caused by tlu' muscle's onui yield. 


r£ R ct' riTACifl cHAflQC 



Fig. 20 Change.s in wingiil iindi'rgDnc by ;i living .sai-f oriii.s dinikmi linr) ati-l 
hyadeadsartoriiiij (unbroken linn) in 7.j per cent eiiue Kiigtir smlui inn. Se(> Ksper- 
iments 5 and (i. 


The experiments with connective tissue furnisii the possibility of 
determining how strong an acid solution must be before it can pro- 
duce swelling in this tissue, and they show that the same concioi- 
tration of acid which promotes swelluig in the connective tis.sne 
inhibits it in the case of the smooth muscle. 

It may be, then, that stimulation causes smooth muscle to 
produce very small quantities of lactic acid, and that the acid 
production results in a tendency for the muscle fibers to losr* fluid 
and shorten. 

This would seem to contradict the general nih^ which has Ix'en 
set up by the wmrk of Wolfgan,g Ostwald, Lilli(b I'ischer and 
others''^ to the effect tliat colloids tend to swell mon^ in acids and 

See Ostwald ; Archiv fiir die gesamintc Pbysiologie, 1905, Pd. 108, p. 508, lid. 
109, p. 277; Lillie, American .Jour. Physiol., 1907, vol. 20, p. 127; Fischer, Archiv 
fur die gesammte Physiologic, 1908, Bd. 124, p. G9; Bd, 125, p. 91). 
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alkalies than in neutral solutions. Ostwald has found, however, 
that very small quantities of acid inhibit the tendency of gelatin 
to absorb water, while larger quantities increase this tendency. 
In the case of smooth muscle, it may be supposed that the reac- 
tion of the tissue is normally slightly alkaline, and that the pro- 
duction of such quantities of acid as can be formed under physio- 
logical conditions tends only to bring their reaction toward the 
neutral point. This view is to some extent confirmed by the fact 
that quantities of acid above 0.025 per cent cause pieces of smooth 
muscle to take up fluid from Ringerh solution (Experiments 23 
and 24). 

Such results as those of Experiments 33, 55 and 57, in which 
it is shown that mechanical stimulation produces a tendency 
for smooth muscle to shorten and lose weight, receive a ready 
explanation if it be supposed that the stimulation causes the pro- 
duction of small amounts of lactic acid. And the same explana- 
tion may be applied to the results of Experiments 9, 27 and 36 
in which it is shown that the tissue acquires a tendency to lose 
weight and shorten after it has been immersed for a considerable 
period in Ringer’s solution. Still further evidence pointing in 
the same direction is to be obtained from Experiments 16 and 23, 
in which it is shown that after pieces of smooth muscle have been 
for some time in a weak acid solution or in Ringer without 
NaHCOs, stimulation causes them to lengthen, or at least that 
lengthening is the much more obvious effect of stimulation. It 
is a very tempting hypothesis that after the reaction of the 
muscle fibers has been rendered' acid the production of still 
further acid as the result of stimulation causes them to take up 
fluid and lengthen. 

The results of Experiments 19 and 20 in which it is shown that 
smooth muscle takes up more fluid from Ringer’s solution at 
higher temperatures, are more or less opposed to these theoretical 
views. It is difficult to suppose that smooth muscle produces less 
lactic acid at higher temperatures than at lower ones. But it 
must be remembered that connective tissue also takes up fluid 
from Ringer’s solution more rapidly at higher temperatures 
(Experiments 47 and 48) and this indicates that the greater tend- 
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ency to swell at higher temperatures may be a ])eeuliarit y of cer- 
tain colloids independent of any pliysiologlcal activity. It may 
be supposed, therefore, that the colloids of frog's smooth muscle 
tend to swell at higher temperatures and that this tendency is, 
at any rate at first, sufficient to overcome any tendency towaixl 
loss of fluid which may be produced by more ra))id hndie acid 
formation at the higher temperature. 

The fact that the smooth muscle lengthens at tin' same time 
that it swells in the Ringer solution at the lugh(‘r temp(‘ratun* 
shows that high temperatures must produci' in tlu' tissue .some 
change other than that wliich follows stimulation and r('s\ills in 
shortening. And it is interesting to remember in tliis eoniieetiim 
that the tendency to lengtlum at t,emp(n‘atur('s above 40'' is not 
a general characteristic of smooth muscle. A'lncenl aiui ivcwis 
have shown that in mammalian smooth muscle licaiing ))r()(luc(\s 
shortening somewhat as it doi's in striated muscle.'’ It would 
difficult to believe that heating j)roduc(Hl chemical (Ganges of an 
opposite character in frog's muscle and in mammalian mus(‘lfu but , 
if it may be supposed that heating produces in' both tissues a tcaid-* 
ency for the colloids to swell and at the sam(‘ tiuu' a teudiMicy 
toward lactic acid production, it would be easy to i'X])laui the 
opposite reactions of the two tissues by supposing that in frog’s 
muscle the former change preponderated; and m inammahan 
muscle, the latter. 

general conclusions 


This article may be concluded by the statement of certain VKnvs 
regarding the physiology of muscle and of muscular contraction 
which are indicated or confirmed by the expcrmumtal results 

which have been presented. , 

Striated muscle consists of fibers surrounded by semi-penneable 
membranes. The fibers arc made up of sareostyles and sarco- 
plasm; the sareostyles are fibrils with a^charactenst.e structure 
which run longitudinally through the fiber and are sepa^ 
from each other by the fluid sarcoplasm, 
not separated from the sarcoplasm by. seim-permca j e mem . m . , 

« Vincent and Lewis; Jour. Physiol., 1901, vol. 20, p. 4l.i. 
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the physical relations between sarcostyles and sarcoplasm are in 
general similar to those which obtain between a piece of gelatin 
and a surrounding watery solution in which it is immersed. 

The striated muscle fibers are separated from each other by 
spaces filled with l>miph. The osmotic pressure of the salts of 
the lymph is opposed within the muscle fibers by that of diffusible 
potassium phosphate in solution in the sarcoplasm. The muscle 
fibers contain a certain amount of water which is combined with 
colloids and cannot act as a ^Ivent for salts. A large proportion, 
if not all, of this organic water is probably contained in the sar- 
costyles. 

Stimulation of the muscle causes it to produce lactic acid. The 
presence of the acid brings about a tendency for the sarcostyles 
to swtU at the expense of the sarcoplasmic spaces, and the shorten- 
ing of the muscle fiber is the direct mechanical result of the in- 
crease in the volume of its sarcostyles. Relaxation of the muscle 
may be brought about by the combination of the lactic acid with 
the KiiHP04 contained in t:>e muscle fibers, and its consequent 
neutralization. 

Smooth muscle consists of fibers which have an internal homo- 
geneous structure and are not surrounded by semi-permeable 
membranes. The smooth muscle fibers are separated from each 
other by spaces containing lymph, and the physical relations 
between the l}nnph and the smooth muscle fibers are generally 
similar to those which obtain between the sarcostyles and the 
sarcoplasm. 

The smooth muscle fibers contain a larger proportion of organic 
water than the .striated ones, and the remaining inorganic water 
contains NaCl in the same concentration as that in which it 
exists in the lymph. The tendency of the fibers to swell or to lose 
fluid is dependent among other things on the concentration of 
NaCl contained in the inorganic water. 

Stimulation of the smooth muscle causes it to produce lactic 
acid, but in very much smaller quantity than is produced under 
similar circumstances by striated muscle. The presence of small 
quantities of the acid in smooth muscle brings about a tendency 
for its fibers to give up fluid to the intervening lymph spaces, and 
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the shortening of the smooth muscle fibers is tin* direct nn^ch;iui(‘al 
result of this decrease in volume. 

The question how the relaxation of smooth muscle is brought 
about is bound up with the questioti liow th{> pivstaice oi acid 
could decrease the tendency of the smootli muscle collt)ids to 
take up or hold water; and on this question there is as yet ]>racti' 
cally no experimental evidence. Ihit the supposition t hat the aiad 
acts to neutralize an already present slight alkalitiity of the col- 
loids suggests an interesting explanation of certain of the physit»- 
logical peculiarities of smooth muscle. It, may be sup])os(h that 
the combination of the acid with the alkaline colloid is compara- 
tively stable, and that the resulting state of deci-eased alkalinity 
can be made to disappear only by sonu* fuilher slow clicmi(*al 
process by which the lactic acid radicle is either furtlu'roxidizc'd 
or otherwise got rid of. This su])])osition would furnislL a jm'- 
liminary rough explanation of the slowness with wliieli r(‘Iaxation 
often occurs in smooth muscle, and of tin* tissue's ])ow(‘r of nmiain- 
ing for an indefinite period in a state of liigli tonic contraetiom 


mtOTOCOLS OF THE ICXl'Fil.IMEXTS 
Expeuimbnt 1 
Xovember 5, 1909 

Sartorius from frog 1 , woigiicd fresli 0,US2 gi-iiin 

11.53 A.M. immersed in distilled water 3.53 weighed 0.127 gra.-n 

12.23 p.M. Mxdghcd 0,135 gram 6.10 j-.m. weiglied 0.120 gram 

12.53 P.M. weighed 0.121 gram 7.50 n.M. w<‘ig}ipd 0.128 gnmi 

Z.53 P.M. weighed 0.120 gram 9,14 p.m. weighed 0.125 gr.am 

2.53 P.M. weighed 0.1 20 gram 10.38 a.m. Nov. 4, weighed 0.124 gram 

Temperature varied between 10® and 20" 

Expeki.mkxt 2 
Xovember 29^ 1909 

Sartorius from frog 2, weighed fre.sli 0.154 gram 

10 55 VM, irnmerscal in distilled' water 11.20 a.m. weighed 0.24(i gram 

U 00 ».M. weighed 0.21S gram ll 'hi .v.m. weighed 0.2:iX gram 

11 0.h A.M. weighed 0.2.3S gram 11 , « weighed 0.221, gram 

11,10 A.M. weighed 0.248 g.ain 11,5.5 .WM. weighed 0.21,, gra,„ 

11.15 A.M. weighed 0.251 gram 

Temperature varied between 19® and 20 
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Experiment 3 
December 6, 1909 

Half of musole from stomach of frog 3, weighed fresh 0-086 gram 
2,05 p.M. immersed in distilled water 2,35 p.m. weighed 0.204 gram 

2.10 P.M, weighed 0.102 gram 2,50 p.m. weighed 0.225 gram 

2.15 P.M, weighed 0.120 gram 3,05 p.m. weighed 0.231 gram 

2.20 P.M. weighed 0.131 gram 3.20 p.m. weighed 0.226 gram 

2.25 P.M. weighed 0.155 gram 9.52 a.m. Dec. 7, weighed 0.185 gram 

2.30 P.M. weighed 0.179 gram 

Temperature varied between 19® and 21® 

Experiment 4 
December 8, 1909 

10.34 A.M. Sartorius from frog 4, immersed in distilled water 
10.40 A.M. still slightly irritable 

10.59 A.M. apparently entirely unirritable; transferred to Ringer 

11.59 A.M. still entirely unirritable except in a very small portion at thick upper 

end 

3.59 P.M. still entirely unirritable except in a very small portion at thick upper 
end 

10.25 A.M. December 9, still entirely unirritable except in a very small portion at 

thick upper end 

12.01 P.M. weighed 0.190 gram 12.33 p.m. weighed 0.271 gram 

12.03 P.M. transferred to distilled 12.38 p.m. weighed 0.285 gram 

water 12.43 p.m. weighed 0,286 gram 

12.08 P.M. weighed 0.198 gram 12.48 p.m. weighed 0.290 gram 

12.13 P.M. weighed 0.210 gram 12,53 p.m. weighed 0,298 gram 

12.18 p.m, weighed 0.226 gram 12.58 p.m. weighed 0.295 gram 

12.23 P.M. weighed 0.243 gram 1.53 p.m. weighed 0.304 gram 

12.28 P.M. weighed 0.256 gram 

Temperature varied between 15® and 19® 

Experiment 5 Experiment 6 

January 15, 1910 January 15, 1910 

Sartorius from frog 5, weighed fresh 11.27 a.m. Sartorius from frog 5, im- 
0.122 gram. * mersed in distilled water 

11.53 A.M. immersedin 7.5 percentcane 12.27 p.m. transferred to Ringer's solu- 

sugar solution tion 

12.23 P.M. weighed 0.122 gram 2.36 p.m. weighed 0.140 gram 

12.53 P.M, weighed 0.122 gram 2.38 p.m. transferred to 7.5 per cent 

Temperature varied betw^een 20° and cane sugar solution 

21® 3.08 P.M. weighed 0,187 gram 

3.38 P.M. weighed 0.204 gram 

4.38 P.M. weighed 0.216 gram 
Temperature varied between 20° and 

21 ® 
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Kxp£rimknt 7 
October 1910 

Muscle from stomach of frog C, weighed fre«)i ii.lfg; grain 

12.00 M. immersed in 0,2 per cent XaCl solntiou 
12.10 P.M. weighed 0.178 gram 

12.20 P.M, weighed 0.191 gram 
12,30 P.M. weighed 0.202 gram 
12.40 P.M. weighed 0,212 gram 
12.50 P.M. weighed 0.217 gram 

1.00 P.M. weighed 0.219 gram, fibens very mucli lengtliencd 

4,20 P.M. weighed 0.228 gram, fibers still very imndi Urngthctied 

11.20 a.m. October 15, weighed 0.224 gram, fibers still very much Icngdnmod 
The temperature in this experiment was, unforlunatidy, not recorded, but was 

probably not far from 20” 


Experiment 8 
December 10, 1910 

Sartorius from leopard frog 7, w^eighial 
fresh 0.088 gram 
12.28 P.M, immersed in Ringer 
6.03 P.M, weighed 0.085 gram 
11.17 A.M, December 12, w'eighed 0.089 
gram 

Rigor just beginning, but muscle is 
still quite irritable 

Temperature varied between 16° and 
20 ° 


Experiment 10 
December IS, 1910 

Stomach muscle from leopard frog 
8d weighed fresli 0.056 gram 

10. 19 A.M. immersed in Ringer 

11.19 A.M. weighed 0.060 gram, fibers 

markedly lengthened 
12.48 P.M. weighed 0.061 gram 
4.14 p,M. weighed 0,060 gram, fibers 
• still lengthened 

10.12 A.M. December 14, weighed 0.061 
gram, fibers very much 
lengthened and still 
liighly irritable 

Temperature varied between 17° and 
19° 

1 This frog weighed 14.2 grams. 


lixiUiRI.MK.M' 9 
Dectniher 10, iOlO 

Stonuic]) rini.scle from lco[);ird frog 
7, weighed fresh 0.110 gram 
10.33 .■\..\i. iinnicr.scd in Ringer 
11.43 .\.M. weighed 0,120 gram, fibcr.s 
lengthened 

12-3(1 P.M. weiglied 0,125 gram 

6.00 r.M. weighed 0.143 gram 
11 12 .\.M. December 12, weighed 0.131 
gram, filjers still length- 
ened; rmi.sclc .still ipiitc 
irritable 

Tcni[)C rat tire varied between 16'^ and 
20 ° 

Expehimknt H 
December IS, 1910 

Stomach muscle from IcojJnrd Frog 9,’ 
weighed fresh 0.065 gram 
10,31 A.M. immersed in Ringer with- 
out .N:illCD:i ^ 

•11,31 A..M. weighed 0.072 gram, fibers 
eonsideraldy lengthened 
12,58 f'.M, weighed 0.074 gram 
4.18 P.M. weighed 0.()S2 gram, fibers 
markedly lengthened 
10.17 A.M. Detamiber 14, weighed 0.085 
gram, rdiers enormously 
liJiigtlM-ned and still 
highly irritable 

Tempo raturir varierl lad ween 17° and 
19° 

^ * This frog weightal 12.7 gram.s. 
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Experiment 12 
December IS, 1910 

Sartorius of green frog 10, weighed fresh 0.148 gram 


11.02 A.M. immersed in Ringer 

12.02 p.M. weighed 0.144 gram, trans- 
ferred to half strength Ringer 

12.12 p.M. weighed 0.152 gram 
12.22 p.M. weighed 0.159 gram 
12.32 p.M. weighed 0.164 gram 
Temperature varied between 17" and 


12.42 p.M. weighed 0.168 gram 
12.62 p.M. weighed 0.171 gram 
4.08 P.M. weighed 0.182 gram 
10.07 A.M. December 14, weighed 0.172 
gram, still highly irritable 


Experiment 13 
December 15, 1910 

Stomach muscle of green frog 11, w'eighed fresh 0.107 gram 


10.11 A.M. immersed in distilled water 

10.19 A.M. weighed 0.130 gram 

10.27 A.M. weighed 0.149 gram 

10.36 A.M. weighed 0.172 gram 
10.43 A.M. weighed 0,188 gram 

10.51 A.M. weighed 0.217 gram, fibers 
enormously lengthened 

10.59 A.M. weighed 0.240 gram 
Temperature varied betw'een 18° and 

Experiment 14 
December 16, 1910 

Sartorius of green frog 12, weighed 
fresh 0.102 gram 

11.12 A.M. immersed in 7.5 per cent 

cane sugar solution 

11.20 A.M, weighed 0.100 gram 

11.28 A.M. weighed 0.102 gram 

11.36 A.M. weighed 0.103 gram 
11,41 A.M. weighed 0.105 gram 

11.52 A.M. weighed 0.105 gram 

12.00 M. weighed 0.104 gram 

1 .30 p.M. "weighed 0.105 gram 

2.30 p.M. weighed 0.104 gram 
4.25 p.M. weighed 0.104 gram 

9.45 A.M. December 17, weighed 0.105 
gram, fibers somewhat 
shortened and entirely 
unirritable 

10.00 A.M. Muscle transferred to Ringer 

10.20 A.M. still unirritable 

11.20 A.M. Still unirritable 
Temperature varied betw^eeii 16° and 

19 ° 


11.07 A.M. weighed 0.252 gram 
11.22 A.M. weighed 0.263 gram 

11,37 A.M. weighed 0.261 gram 
2.23 p.M. w^eighed 0.252 gram 

4.12 p.M. weighed 0.253 gram 
9.59 A.M. December 16, weighed 0.240 
gram 


Experiment 15 
December 16, 1910 

Stomach muscle of green frog 12, 
weighed fresh 0.133 gram 

11.16 A.M. immersed in 7.5 per cent 

cane sugar solution 
11.24 A.M. weighed 0.143 gram 
11.32 A.M. weighed 0.155 gram 
11.40 A.M. weighed 0.158 gram 

11.48 A.M. weighed 0.169 gram 
11.56 A.M. weighed 0.167 gram 
12.04 P M. weighed 0.173 gram 

1 34 p.M. weighed 0.214 gram 
2.34 p.M. weighed 0.215 gram 
4.29 p.M. 'weighed 0.223 gram 
9.49 A.M. December 17, weighed 0.227 
gram, fibers much length- 
ened; muscle entirely un- 
irritable 

10.17 A.M. transferred to Ringer 

10.48 A.M. muscle now somewhat irrit- 

able; replaced in Ringer 
11.15 A.M. muscle now highly irritable 
Temperature varied between 16° and 
19° 
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Kxi'h:}ilMKS:T Id 
Deccndxr UK 

Stomach muscle of leopard frog ir;, weijiliotl ft-r-h iLi.Vj 
12.00 M. Immersed in Kinger witlioiit NalK'Oj 

12.20 P.M. weighed 0.161 gram, fibers somewhat leiigtliemal 
3.10 p.M. weighed 0.173 gram 

5.25 p.M. weighed 0.171 gram 

10.20 a.m. December 20, weighed O.ldS gram, fibers imicli [eiigtlic’ied and .<(ill 

quite irritable 

.9.40 A. M, December 21, fibers showed tendtmey tn lengthen i)n stiinulatiitn' 
Temperature varied between 17® atid 21® 

iSee p. 509, 

KxpKni.Mu-N'r 17 
Dt’cenihcr 20, iP/O 

Sartorius of green frog 14, weighed fre.sh 0,124 gr.-im 
10.08 A.M. immersed in Ringer 

11.14 A.M, weighed 0.117 gram 
11.22 A.M. weighed 0.115 gram 

11.30 A.M, weighed 0.115 gram, transferred to half .strength Hinger 

11.38 A.M. weighed 0.122 gr.am 

11.46 A.M. weighed 0.127 gram 

11.54 A.M. weighed 0.130 gram 

12.02 P.M. weighed 0.134 gram 

12.32 p.M. weighed 0.139 gram 

2.14 P.M. weighed 0,147 gram 

4.14 p.-M. weighed 0.147 gram 

10.14 A.M. December 21, weighed 0.136 gr.mi, ."liH highly Irritaltle 
Temperature varied between 1<S° tind 20’’ 


KXPUlil-MK.M’ Id 


Janiiarij W. Idll 

Stomach muscle of leopard frog 15, wcigla'il fn>,<li 0,1 oO gram 

10.27 A.M. immersed in IHnger 

11.27 A.M. weighed (J.179 gram, fibers .somewliat IcngthcncO 
12 27 p.M. weighed 0.187 gram 

2.33 p.M. weighed 0.202 gram, fibers much lengthened 


4 33 P.M. weighed 0.202 gram 
11.33 .ranu.ary 11, 'veighed 0.210 gram, fibei's 
irritable; temperature vaned between 


still lengthened and liighly 
U)® and 23® 
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Experiment 19 
January 11, 1911 

Portion of stomach muscle of leopard 
frog 16, weighed fresh 0.063 gram 

11.15 A.M. immersed in Ringer at room 

temperature (see below) 

12.15 P.M. weighed 0.072 gram, fibers 

slightly lengthened 

3.15 P.M. weighed 0.076 gram, fibers 

considerably lengthened 

5.15 P.M. weighed 0.077 gram, fibers 

still much lengthened 

9.55 A.M. January 12, weighed 0.077 
gram, fibers still much 
lengthened; muscle still 
highly irritable 

Temperature varied between 20* and 

21 ° 

Experiment 21 
January 13, 1911 

Sartorius of green frog 17, weighed 
fresh 0.195 gram 

10.45 A.M. immersed in 4.34 per cent* 

dextrose; went immedi- 
ately into maintained con- 
traction 

11,15 A.M. weighed 0.188 gram, con- 
traction now less marked 

11.45 A.M. weighed 0.184 gram 

2.45 P.M. weighed 0.166 gram, fibers 
somewhat shorter than at 

11.15 and entirely unirrit- 
able; muscle transferred 
to Ringer 

3.10 P.M. muscle now quite irritable 
4.00 P.M. muscle somewhat more irrit- 
able than at 3.10 

Temperature varied between 20° and 
21 ° 


Experiment 20 
January 11, 1911 

Portion of stomach muscle of leopard 
frog 16, weighed fresh 0.074 gram 

11.20 A.M. immersed in Ringer at 1® 

12.20 P.M. weighed 0.079 gram, fibers 

somewhat shortened 

3.20 PM. weighed 0.081 gram, fibers 

still shortened 

5.20 P.M. weighed 0.082 gram, fibers 

still shortened 

Temperature of Ringer up to this 
point varied between 0° and 1® 

10.00 A.M. January 12, weighed 0.088 
gram, fibers slightly longer 
than at* last weighing, and 
still highly irritable 
From 5.20 p.m., January 11, to 10.00 
A.M., January 12, temperature of Ringer 
varied between 0° and 8° 

Experiment 22 
January 13, 1911 

Portion of stomach muscle of green 
frog 17, weighed fresh 0.248 gram 

10.55 A.M. immersed in 4.34 per cent 

de.xtrose 

11.10 A.M. fibers shortened 
11.25 A.M. weighed 0.277 gram, fibers 
have become slightly 
longer 

11.55 A.M. weighed 0.294 gram, fibers 

now decidedly lengthened 

2.55 P.M. weighed 0.288 gram, fibers 
still lengthened 

3.15 P.M. muscle still fairly irritable 
Temperature in preceding part of 
experiment varied between 20® and 21° 
At 3.55 P.M. a piece of this stomach 
muscle was cut off and weighed 0.139 
gram. It was left in the dextrose solu- 
tion at between 20° and 22° until 10.35 
A.M. January 14, when it weighed 0.116 
gram. Its fibers were rather shorter 
than at last weighing and still slightly 
irritable. Transfer to Ringer did not 
increase their irritability. 
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Experiment 23 
January 19, 1911 

Cardiac half of stomach muscle of 
leopard frog 18, weighed fresh 0.044 
gram 

2.05 p.M, immersed in Ringer without 

NaHCOs 4- 0.025 per cent 
lactic acid 

2.35 p.M. weighed 0.044 gram, fibers 
somewhat lengthened 

3.05 p.M, weighed 0.042 gram, still 

highly irritable 

4.05 P.M. weighed 0.042 gram, only 

very slightly irritable 

10.05 A.M. January 20, weighed 0.047 

gram, shows small but de- 
cided tendency to length- 
en on stimulation, ‘ fibers 
not much changed in 
length since 2.35 p.m. yes- 
terday 

Temperature varied between IS® and 

2r 

1 See p. 509. 

Experiment 25 
January ^S, 1911 

Piece of stomach muscle of bull-frog 19, weighed fresh 0.375 gram 

5.00 P.M. immersed in 7.5 per cent cane sugar solution at 7“ 

5.30 p.M. weighed 0.423 gram 

10.30 A.M. January 24, weighed 0.467 gram, fibers somewhat lengthened 

11.30 A.M. weighed 0.518 gram 

4.30 P.M. weighed 0.022 gram, fibers now much lengthened 

10.30 A.M. January 26, weighed 0.598 gnun, fibers still much lengthened ;md .still 

quite irritable 

11.00 A.M. January 27, muscle still barely irritable 
11.10 A.M. immersed in Ringer 

5.10 p.M. muscle now no longer irritable 
Temperature during this whole experiment varied between 5® and 9® 


K.xperimmxt 24 
Jituuary 19, 19 11 

Pyloric half of .<toin:h‘h muscle of 
leopard frog IS, weighed frcshO.055gv:iiu 

2.00 I'.M. ininiersed in Ringer without 

XairC’t'), 4-0.0') per emit 
lactic acid 

2.30 p.M. weighed (>.(>,59 gram, til>ers 
someuh.at iengtlieried ami 
still highly irritable 

3.00 P.M. weighed 0.0.59 gram, .'still 

highly irritable 

4.00 p.M. weighed O.OOO gram, no 

hmger irritable; shows no 
tendeney to leiiglinm on 
stinmlat ion 

10.00 A.M. January 20, wa'ighed 0.067 

gram. HIku’s still soine- 
what lengthened (about 
3(1 [)er cent longer than 
tlio.se of cardiac half), and 
entirely nnirritahh* 
Temperature varied Ix'tween 1H“ and 
21“ 


Experiment 20 
Januarij 26, 1911 

Sartorius of large bull-frog 20,' weighed fresh 0.602 gram 

5.20 p.M. immersed in Ringer 

6.20 P.M. weighed 0,694 gram 

10.20 A.M. January 27, weighed 0.704 gram, still highly inyal.lo 

10.25 A.M. January 28, weighed 0.72.5 grara. llipir m fair y well staiter oug 
fibers are still somewliat irritable, particularly toHiird knei-i.n 
Temperature varied between 19“ and 22 
* This frog weighed over 150 grams 



556 


EDWARD B. MEIGS 


Experiment 27 
January 26, 1911 

Strip of stomach muscle from large 
buU-frog 20,^ weighed fresh 0.120 gram 

4.30 P.M. immersed in Ringer 

5.30 P.M, weighed 0.131 gram, fibers 

somewhat lengthened 

9.30 A.M, January 27, weighed 0.143 

gram, fibers somewhat 
longer than at last weigh- 
ing; still highly irritable 

10.15 A.M. January 28, weighed 0.133 
gram, fibers shortened and 
still fairly irritable 
Temperature varied between 20® and 
22 “ 

* This frog weighed over 150 grains. 


Experiment 28 
Jayiuary 26, 1911 

Strip of stomach muscle from large 
hull-frog 20,^ weighed fresh 0.113 gram 

4.35 P.M. immersedin Ringer without 

NaHCOs, to which had 
been added 0.01 per cent 
lactic acid 

0.35 P.M, weighed 0.117 gram, fibers 
somewhat lengthened 

9.35 A.M. January 27, weighed 0.112 

gram, fibers shorter than 
at last weighing 

10.55 A.M, still somewhat irritable 
10.20 A.M. January 28, weighed 0.103 
gram, fibers still short- 
ened and no longer irrit- 
able 

Temperature varied between 20“ and 
22 “ 

* This frog weighed over 150 grams. 


Experiment 29 
January SO, 1911 

Tendo Achillis of leopard frog 21, weighed fresh 0.025 gram 
11.05 A.M. immensed in 7.5 per cent cane sugar solution 
11.50 A.M. weighed 0.029 gram 

2.07 P.M. weighed 0.029 gram 

4.07 P.M. weighed 0.029 gram 

10.07 A.M. January 31, weighed 0,028 gram 
Temperature varied between 19“ and 22“ 


Experiment 30 
January SI, 1911 

Sartorius of small bull-frog 22/ 
weighed fresh 0,161 gram 

12.55 P.M. immersed in Ringer 
1.25 P.M. weighed 0.154 gram 

3.55 P.M. weighed 0.152 gram 

11.55 A.M. February 1, weighed 0.145 

gi-atn, still highly irritable 
Temperature varied between 19°*and 
21 “ 

1 This frog weighed 40.3 grams. 


Experiment 31 
January Bl, 1911 

Stomach muscle of small bull-frog 
22,2 weighed fresh 0.331 gram 

12.15 P.M. immersed in Ringer 

12.45 P.M. weighed 0.320 gram, fibers 
not lengthened 

3,15 P.M, weighed 0.327 gram, fibers 
slightly lengthened 

11.15 A.M. February 1, weighed 0.355 

gram, fibers somewhat 
longer than at last weigh- 
ing, and still very highly 
irritable 

Temperature varied between 19“ and 
21 ® 

2 This frog weighed 40.3 grams. 
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ExrEUIMENT 32 
Februart^ 8, 191! 

Sartorius of bull-frog 23, wciglicd 
fresh 0.152 gram 
11,52 A.M. immersed in VOnger 
1.30 r.M. weighed 0.143 gram 
2.00 P,M, weighed 0.142 gram 
2.08 p.M. weighed 0.140 gram 
2.16 P-M. weighed 0.1405 gram 
2.24 p.M. weighed 0.140 gram 
2.32 P.M. weighed 0.140 gram 
2.40 P.M. weighed 0,141 gram 
2.48 p.M. weighed 0,1.39 gram, trans- 
ferred to Imlf strengtli 
Itinger 

2.56 p.M. weighed 0.148 gram 
3.04 p.M. weighed 0.153 gram 
3.12 P.M, weighed 0,1.56.5 gram 
3.20 P.M. weighed 0.1.59 gram 
3.28 P.M. weighed 0.1615 gram, still 
very highh’ ii’ritahU* 

9.38 A.M. February 9, weighed 0.178 
gram, still highly iri table 
. 1.38 P.M, weighed 0.174 gram, still 
very highly irritable 
Temperature varied between 18° and 
19“ 


lixiuau.MKM' 33 

-mri/ 8. l.'il! 

.Steiiiarh musch' of bull-freg 2,3, 
weighed fic'sh O.'JiiO gr;im 
12.110 M. imiiK'rsed in Kinger 

1.31 I'.M. wthghrd 0.271 gr.am, liber.s 

eoii>i(|('r:ib!y lengt hetieil 
2.01 I’.M. woighi’d O.XiO gram 

2 12 ]’,M. weighed 0,2.52 gr.'ilil 

2 20 I’.M. Weighed 0,2 Id gram , 

2. is I'.M. weiglied 0.213 gram, tibi’r.s 
slmriened 

2.36 I’.M. W(‘iglieil 0.210 gram 
2.4 l I’.M. weiglied 0.2 !(l gram 
2.52 r.M. waaghed 0.210 glam, lil)ers 

[1 I) u 111 li :• li ^hlll■IelH'^l, 

I i-.a nsfe r ri’.J In lialf 
siii'Dgtli lliiigiT 
.3.00 I’.M. wnglu-d 0.213 gram 

3 OS I’.M. weighi’d 0.21.5 grim 
3 Iti I'.vi. weighed 0.250 gr.aiii 
3 21 I’.M. weighetl 0,2.53 gram 

3,32 I’.M. wi'ighed 0.25il grain, libers 
smnewliai longer th.’ni .at 
2.52, still Yi’ty higlil.v ini- 
table 

9.43 a.m. February 9, weighed 0.307 

gram, libers ^‘^)llsidorrll)ly 
leiigtlimied 

1.43 P.M. weiglied 0..302 givim, fillers 

.still eotisideralily Imigth- 
eiied and liiglily initahh’ 
Temiieratnre varii'd belweeii Is” and 

19 ° 
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Experiment 34 
February IS, 1911 

Strip of stomach muscle from bull- 
frog 24, weighed fresh 0.121 gram 

11.49 A.M, immersed in 0.7 per cent 

XaCl solution 

1.49 p.M. weighed 0.145 gram, fibers 
considerably lengthened 
5.38 p.M. weighed 0.152 gram, fibers 
« shorter than at last weigh- 

ing 

10.49 A.M. February 14, weighed 0.123 

gram, fibers much short- 
ened 

11.43 A.M, stillslightly irritable, trans- 
ferred to Ringer 

2.30 P.M. only slightly more irritable 
than 11.43 a.m. 

9.55 A.M. February 15, weighed 0.158 
gram, fibers considerably 
longer than at last weigh- 
ing and now fairly irri- 
table 

Temperature varied between 19° and 
22 ° 

Experiment 36 
February 13, 1911 

Strip of stomach muscle from bull- 
frog 24, weighed fresh 0.1325 gram 
2.20 P.M. immersed in Ringer 
5.52 p.M. weighed 0.150 gram, fibers 
not much c h a n g e d in 
length 

11.20 A.M. February 14, weighed 0.165 
gram, fibers now consid- 
erably lengthened and 
highly irritable 

10.35 A.M. February 15, weighed 0.140 
gram, fibers much shorter 
than at last weighing, and 
still somewhat irritable 

The temperature varied between 19° 
and 22° 


Experiment 35 
February 13, 1911 

Strip of stomach muscle from bull- 
frog 24, weighed fresh 0.145 gram 

2.12 p.M. immersed in 0.7 per cent 
NaCl solution 

5.49 p.M. weighed 0.174 gram, fibers 
not much changed in 
length 

11,12 A.M. February 14, weighed 0.150 
gram, fibers now much 
shortened 

2.33 p.M. gave no response to tetaniz- 
ing current applied for one 
second; transferred to 
Ringer 

10.25 A.M. February 15, weighed 0.157 
gram, fibers only slightly 
longer than at last weigh- 
ing; gave decided though 
small response to tetaniz- 
ing current applied for one 
second 

Temperature varied between 19° and* 
22 ° 

Experiment 37 
February 13, 1911 

Strip of stomach muscle from bull- 
frog 24, weighed fresh 0.145 gram 

2.09 p.M. immersed in Ringer without 
NaHOOs 

5.46 p.M. weighed 0.1705 gram, fibers 
not much changed in 
length 

11.09 A.M. February 14, weighed 0.180 
gram, fibers now consid- 
erably lengthened and 
highly irritable 

Temperature varied between 20° and 
22 ° 
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Expeklmext 3S 
Fehruary 15^ 1911 

Tendo Achillis of bull-frog 25, 
weighed fresh 0.350 gram 
2.15 p.M. immersed in Ringer 
2.45 P.M. weighed 0.377 gram 
4.51 p.M. weighed 0.410 gram 
9.37 A.M. February 16, weighed 0.431 
gram 

Temperature varied between 1S° and 

2r 


Experiment 40 
February 15, 1911 

Tendo Achillis of bull-frog 26, 
weighed fresh 0.275 gram 

2.32 p.M, immersed in 0.7 per cent 
NaCl solution 

3.02 p.M. weighed 0.293 grain 
4.59 P.M. weighed 0.320 gram 
9.49 A.M. February IG, weighed 0.325 
gram 

Temperature varied between 18® and 
21 ° 


lixi’KIUMKNT 39 
Fthniaty 15. 1911 

Toiido .Vchillis nf bull-frog 25, 
w'oiglu'd fresh 0.;i9.1 gntiii 
2,23 p.M. iiiiin<‘r.'J<'d in Ringer without 
X:il l( 3 >, - (),()2,') jvT cent 
butic acid 

2,53 p.M. woiglied 0,417 gram 
4.51 p.M. weighed 0.4S3 gram 
0.42 A.M, Febrii.ai'y III, weiglicj^ 0,577 
gram 

’i'ctnpcraliirc v.-nied biOwemi 1S° and 
21 ® 

K.VPEIOMEM' 11 

February lo, 19! i 

Tendo Atdiilli.s of hull-frttg 20' 
weighed fresh 0.201) gram 
2.30 ]'.M. immersi'd in di.sfilled wattn- 
.3,09 P.M. w'cighcd O.'JtiO gram 

5.02 p.M. weighed 0.2SI) gram 
10.00 A.M. February III, weiglied 0.270 
griun 

Temperature varied !)etw('(m !S° and 
21 ® 


Experiment 42 
February 16, 1011 

Round part of tendo Achiilk of bull-frog 27, weighed fn>sh 0.;102 gram 

11.02 A.M. immersed in Ringer without XaHCOii 

11.32 A.M. weighed 0.318 gram 

3.02 P.M. weighed 0.338 gram 

10.32 A.M. February 17, w^eighed 0.344 gram 

4.02 P.M. weighed 0.340 gram 

10.32 A.M. February 18, weiglied 0.333 gram 
Temperature varied beUvecn 19° and 21° 
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Expkhiment 43 
February 16, 1911 

Flat part of tendo A chillis of bull- 
frog 27, weighed fresh 0.062 gram 

11.08 A,M. immersed in Ringer without 

XaHCOs 

11.38 A.M. weighed 0.069 gram 

3.08 p. M. weighed 0.007 gram 

10.38 A.M. February 17, weighed 0.068 
^ gram 

4.08 P.M. weighed 0.070 gram 

10.38 A.M. February 18, weighed 0.072 

gram 

Temperature varied between 19“ and 
21 “ 

Experiment 45 
February 22, 1911 

Sartorius of bull-frog 28, weighed 
fresh 0,180 gram 

3.08 P.M, immersed in 2.3 per cent 

alanin solution (neutral 
reaction) ; shortened some- 
w^hat and remained short- 
ened 

3.28 P.M. weighed 0.180 gram 
3.48 P.M. weighed 0.180 gram 

4.08 P.M, weighed 0,176 gram 

4.35 P.M. no longer irritable, trans- 
ferred to Ringer 

4.53 P.M, quite perceptibly irritable 

10.30 A.M. February 23, now quite irri- 
table, though rigor is well 
started. 

Temperature varied between 19“ and 
20 “ 


Experiment 44 
February 16, 1911 

Flat part of tendo Achillis of bull- 
frog 27, weighed fresh 0.032 gram 

11.30 A.M. immersed in Ringer without 
NaHCOs + 0,01 per cent 
lactic acid 

12.00 M. weighed 0.0325 gram 

3.30 P.M. weighed 0.033 gram 

11.00 A.M. February 17, w'eighed 0,045 

gram 

4.30 P.M. weighed 0.053 gram 

11.00 A.M. February 18, weighed 0.062 
gram 

Temperature varied between 19“ and 
21 “ ' 

Experiment 46 
February 22, 1911 

Portion of stomach muscle of bull- 
frog 28, weighed fresh 0.177 gram 

3.18 P.M. immersed in 2.3 per cent 

alanin solution (neutral 
reaction) 

3.38 P.M. weighed 0.179 gram 
3,58 P.M. weighed 0.195 gram, fibers 
beginning to lengthen 

4.18 P.M. weighed 0.208 gram, fibers 

now considerably length- 
ened and still quite irri- 
table 

10.45 A.M. February 23, weighed 0.268 
gram, fibers now very 
much lengthened, and still 
somewhat irritable, alanin 
solution still has neutral 
reaction 

Temperature varied between 19“ and 
20 “ 
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Kxpkrimknt 47 
Fchi'iKinj ,? 4 , 19 1 1 
'rnidu AcliillU of loilLffo^- 
weighed frc?']i O.dlT grain 
10.20 A.M. intiiiersed in lOngci' at fo<nii 
temperutuia' isee hclowj 

10.50 A.M. woiglied {).;17.') grain 

11.50 A.M. weighed O.HOS grtun 

1.50 r.M. ^Yeighed 0.417 gram 

4.50 e.M. widglnal 0,422 gram 

9.50 A.Af, I'Vhruary 25. weiglird 0. 127 

gram 

Tem])eralure varied hefvvi'en 20 and 

laXPI-HlMKN'T 40 
Miarh d. tOl! 

Siudoritis of hnll'frng 50, weiglu'd 

fresh 0.171 gram 

10.20 A.M. immei’sed in 9 [ler cenl cane 
sugar .solution 

10.45 A.M. weigiied 0.174 gram 
11,05 A.M. wtdglHMi 0.171 gram 

11.23 A.M. wtdglied O-lOS gram 

12.23 I'.M. Aveighed O.Kil gram, still 

appears normal, hut is en- 
lirely nnirritahle, iraus- 
ferred to Kingei' 

12.55 P.M- irritable 

2.38 I’.M- still fjuile irritable 
Temperature varied between ami 
20 “ 


1 r l> 

'I'ciido ,\<4dire. o! imll-fr-g 29. 
'.cciglu-d t roll o.:!ii7 iiram 
10 22 \.M. imiiiiTM'd in Litnur at t 

10 . iL' A..\l, Wfiilhi'd 0.592 gi'ani 

1 1 52 w i-igld’d 0. 110 gram 
1 52 I’.M, weighed 0. 120 grain 

4 .52 I'.M. W(-ight'd 0. i:iV gram 
Tcm))(‘r;H lire up I'l ihi' piant vari<-d 

0 and I 

9.52 \.M, I'VInuaiy 2a, Auagln d o. ila 

gram. h'iii[irr;(! nre ha^ 
riM'it III 5..5’ 

i'Ai’i:i(iMi:.\ r 5n 
l/a/r-A a, lUH 

[’(.n'limi at ^Iiilliarh inu.-'idc i>! bull- 

('Mig on. wcighcil fre.di 0.220 gram 
Id 20 A.M, iniiiiciM'd in 9 |K-t ^■l■IlI raiie 
.'i!g;ii' '(lint i< 111 

10. to .\..M. uciglif'd 0.2.'«.i grain libct.'- 
...nliimviiat h-ngl InOn'd 
1 1 .01) A.M. weighed 0.215 gram 
11.20 ,\.M. weighed 0.2a!! grain 
12 20 )-.M. weighed 0-200 g'rani, libers 
^tidv .dighily lunger liiaii 
;it 1(1. In \.M. >iill highly 
ii l it able 

'rempeiature varied belwei n W and 

' 2 t)" 
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P.X1’ER1ML\T 51 I'iXPEHIMKXT 52 

Marrfi 2fJ, 1911 Marvel 20, 1011 

Surtorius of l)ull-frof 5 51, welghod Pcjrtion of sloinacli mu5;(‘le of bull- 
frosli 0.18(i grum frog 51, weighed fresh 0.255 gram 


2.10 i\M. iniriier.sed in Hingca- 

5.51 \vcigli('rl 0. ISO gram 
5.50 weighed (),1S5 gram 
5.47 J'.M. weigliod O.ISO gram 

5.55 weighed 0.1S55 gram, (rans- 
ferred to donl)l(' stre.ngtli 
Ringer 

4.05 weighed 0.175 gram 

4.11 I'.M. weighed 0.170 gi'am 
4.10 p.M. w('igiied 0,107 glam 
4.27 p.\t. weiglnal 0.1()5 gram 
1.;15 e..M. W('ighed 0,100 giaim 
4.45 p.M. weighed 0.157 gram 
4 51 p.M. W('igh('d 0.154 gram 

4 50 T'.M. weighed 0.154 gram, still 
somewhat irritable 

0 51 \.M. Mareh 50, weiglied O.IOG 
gram, ent ii'cly uiiirril abh', 
i)iit show.s little or no sign 
of onoorning rigor 

Temperature' \'aried betwe('n 20~ and 
21 ° 


2.15 p.\r. immersed in Ringer 
5.27 p.M. weighed 0.200 grain 
5 55 p.M. weighed 0.205 gram 
5 ,15 e.M. weighed 0.200 gram 

5.51 I^^T, weighed 0.207 gram trans- 

ferred to iloiible strength 
Ringer 

5.5!) p.M. weighed 0,2505 gram 
4.07 p.M, w(‘ighefl 0.245 gram, fibers 
mmdi shortmu'd 

4.15 p.M. weiglual 0.255 gram 
4.25 p.M. weighed 0.251 gram 

4.51 p.M. weighed 0.227 gram 
4 50 p.M. w('ighed 0.225 gram 
4 17 p.M. weiglied 0.221 gram 

4.55 p.M, wi'iglied 0.222 gram, fibers 
now very mueli shortened, 
tliey sli()\v a marked teud- 
eney to lengthen on 
.s 1 i m n 1 a t i o M d t r a n s f e r la ' d 
to Ringer. 

0 45 ,\.M. iMarcdi 30, fibers consider- 
ably longer tlmn at 4.55 
p.M. yesterday, and quite 
irritable 

Tem])erature varied between 20° and 
> See 1). 5t)0. 


llixPEHlMKM'' 55 
March 30, UHl 

1‘ortion of .stoinaidi niuseh' of gri'cn frog 52. weiglied fresh 0 157 gram 

11.00 A.M. immersed In Ringer 

12. (K) M. weighed 0.175 gram, fibers eonsiderably hmgtliened 

1.00 i\y[. weighed 0.185 gram 

2.00 p.M. weighed 0.1S7 gram 

3.00 p.M. weiglied 0.100 gram 
4.{X1 weiglied 0.101 gram 

5.00 P.M. weiglied 0.180 gram 

10. (K) a.:m. March 31, weighed 0.105 gram, fibers still lengthened, but sliortencd 
soimwvhat as the n'siilt of handling and drying 

11.00 A.M. weighed O.IOO gram, fibers not mueli ehaiiged in length and still very 
liighly irritabh' 
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Experiment 5-1 


Kni’kriment 55 


March. 30^ 1911 

Sartorius of green frog 32, weighed 
fresh 0.144 gram 
11.16 A.M. immersed in Ringer 
1.10 p.M. weighed 0.138 gram 
1.18 P.M. weighed 0.137 gram 
1.26 p.M. weighed 0.136 gram 
1.34 p.M. weighed 0.136 gram 
1.42 P.M. weighed 0.137 gram 
1,50 P.M, weighed 0.136 gram, trans- 
ferred to double strength 
Ringer 

I. 58 P.M, weighed 0.127 gram 
2.06 P.M. weighed 0.123 gram 
2.14 p.M. weighed 0.121 gram 
2.32 p.M. weighed 0,1195 gram 
2.30 P.M. weighed 0.118 gram 
3.38 p.M, weighed 0.117 gram 
2,46 p.M. weighed 0,116 gram 
2.54 P.M. weighed 0.115 gram 
3.02 p.M. weighed 0.114 gram 
3.10 P.M. weighed 0.113 gram 
3.18 P.M. weighed 0.112 gram 
3.26 P.M. weighed 0.112 gram 
3.34 p.M. weighed 0.1125 gram 
3.42 P.M. weighed 0.112 gram 

3.50 p.M. weighed 0.111 gram 
3.58 P.M. weighed 0.111 -gram 

4.13 p.M. weighed 0.1115 gram, still 
somewhat irritable, but 
contraction is very alow 
4.56 p.M, weighed 0.114 gram 

9.50 A.M. March 31, weighed 0.152 

gram, entirely unirritable, 
but show.s little sign of on- 
co[niiig rigor; transferred 
to Ringer 

II. 10 A.M. still entirely unirritable, 

little sign of oncoming 
rigor 

Temperature varied between IS"" and 

21 * 


March 1911 

Portion of stmnach muscle of green 
frog 32, wcig)ie<l fresh 0.1S2 gram 
11.12 .\,M. iiiuiu“r.scd in Kingcr 
1,06 p.M. weighed 0.205 gram, libers 
mud) lengtliom'ii 

1.14 p.M. weighed 0.202 gntJii, libers 
much shorter I Itan at 
1 . 22 p, M, weighed 0. ) !>7 gr;im 
1.30 P.M. weighed 0.190 gram 
1.3S p.M. weiglunl O.ISS gram 
1,46 P.M, weiglied O.ISS gram, fibers 
now still short i“i’ fh.ati at 
1. 14; tran.sO'i red to <louldc 
strength Hingcr 
1,54 P..M, weighed O.lTit gr.am 
2.02 p.M. WTiglied 0.162 gram, fibers 
markedly further short- 
eiK'd 

2,10 P.M. weighed 0.151 gram 
2.18 p.M. weighed tt.l IS gram 
2,26 p.M. weighed 0.141 gram 
2,34 P.M. w'cighed 0.141 gram 
2.42 p.M. weighed 0.140 gram 
2.50 P.M. weiglie<l 0.141 gram 
2.58 p.M. \veighed 0.112 gram 
3,06 P..M. weiglied 0.142 gram 
3.14 p.M. w'cighcd 0.1425 gram 
3,22 p.M. weighed 0.143 gnim 
3.30 p.M. weighnl 0.144 gram 
3.38 P.M. \ceighed 0.1 15 grain 
3,46 P.M. weighed 0.1 15 gram 
3.54 p.M. weighed 0.146 gram 
4.09 P.M. weighed 0.14H gram, fibers 
still shortened; (hey .show 
a marked tendency to 
lengthen on stirniihition 
after a latent period of 
about 20 seconds^ 

4.27 p.M. transferred to Ringer 
9.00 A.M. March 31, fibers somewhat 
longer than at 4,27 yester- 
day and highly irritable 
Temperature varied between 18^ and 

2r 

1 See p. 509 
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Experiment 56 
April 5 , 1911 

Sartorius of bull-frog 33, weighed 
fresh 0.173 gram 
10.33 A.M. immersed in Ringer 

1.42 p.M. weighed 0.160 gram 

1.50 P.M. weighed 0.159 gram 
1.68 p.M. weighed 0.158 gram 

2.06 p.M. weighed 0.158 gram 

2.14 P.M. weighed 0.158 gram, im- 
mersed In half strength 
Ringer 

2.22 p.M. weighed 0.169 gram 
2.30 p.m. weighed 0.175 gram 
2.38 P.M. weighed 0.180 gram, still 
very highly irritable 

2.46 P.M. weighed 0.184 gram 

2.54 p.M, weighed 0.187 gram 
3.02 p.M. weighed 0.1905 gram 
3.10 p.M. weighed 0.1905 gram, still 
very highly irritable 

3.18 p.M. weighed 0.193 gram 
3.26 p.M. weighed 0.195 gram 
3.34 p.M. weighed 0.196 gram 

3.42 p.M. weighed 0.198 gram 

3.50 p.M. weighed 0.199 gram 
3.58 p.M. weighed 0.199 gram 

4.06 p.M. weighed 0.199 gram, still 

very highly irritable 

4.50 p.M. weighed 0.205 gram, still 

very highly irritable 

10.22 A.M. April 4, weighed 0.202 gram, 
fibers somewhat short- 
ened, but still highly irri- 
table 

Temperature varied between 15° and 
18° 


Experiment 57 
April S, 1911 

Portion of stomach of bull-frog 33, 
weighed fresh 0.262 gram 
10.37 A.M. immersed in Ringer 

1.46 P.M. weighed 0.284 gram, fibers 

not much changed in 
length 

1.54 p.M. weighed 0.277 gram, fibers 

slightly shorter than at 

1.46 

2.02 p.M. weighed 0.270 gram 

2.10 P.M. weighed 0.267 gram 

2.18 p.M. weighed 0.262 gram, fibers 
slightly shorter than at 
1.54, i m mersed in half 
strength Ringer 

2.26 p.M. weighed 0.262 gram 

2.34 p.M. weighed 0.260 gram, fibers 
rather shorter than at 

2.18 

2.42 P.M. weighed 0,264 gram 
2.50 P.M. weighed 0.266 gram, fibers 
not much changed in 
length 

2.58 P.M. weighed 0.268 gram 

3.06 P.M. weighed 0.272 gram, fibers 
now somewhat longer than 
•at 2.50 

3.14 p.M. weighed 0.271 gram 

3.22 p.M. weighed 0.271 gram 
3.30 P.M. weighed 0.273 gram 
3.38 p.M. weighed 0.275 gram 

3.46 P.M, weighed 0.274 gram 
3-54 P.M. weighed 0.278 gram 

4.02 p.M. weighed 0.278 gram 

4.10 p.M. weighed 0.278 gram, fibers 

not much changed in 
length since 3.06 

4.54 p.M. weighed 0.288 gram, fibers 

slightly longer than at 
4.10 

10.26 A.M. April 4, weighed 0.311 gram, 

fibers were longer than at 

4.54 P.M. yesterday, but 
shortened as result of 
handling and drying ; mus- 
cle still quite irritable 
Temperature varied between 15° and 
18° 
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Experiment 58 

April 28, i9li 

Portions of stomach muscle^ of bull- 
frogs Nos. 34, 35, 36, 37, 38, 39, 40, 41, 
42 and 43, weighed fresh 6.3422 grams 

This portion of muscle was analyzed 
for potassium and sodium and found to 
contain 0.3437 per cent potassium and 
0.0804 per cent sodium 

1 Each pieco of stomach muscle was 
cut into a cardiac and pyloric half, 
and the portions of muscle used in this 
experiment and in Experiment 59 con- 
tained equal numbers of cardiac and 
pyloric halves 


Experiment 60 
May 22, 1911 

Portion of stomach muscle of bull- 
frog 44 ^ weighed fresh 0,273 gram. 

10.45 A.M. immersed in 7,5 per cent 

cane sugar solution 

11.00 A.M. weighed 0.310 gram, fibers 
somewhat lengthened 

11.45 A.M. weighed 0.327 gram, hbers 

considerably lengthened 

1.45 p.M. weighed 0.334 gram, fibers 

still considerably length- 
ened, transferred to fresh 
sugar solution 

3.45 p.M. weighed 0.391 gram, fibers 

considerably longer tlian 
at 1.45 and still fairly irri- 
table 

Temperature varied between 26® and 
29® 


Expehiment 59 
-■l/yn7 2S, IBII 

Portions nf stumach muscle’ of bull- 
frogs Nos. 34, 35, 36. 37. ;18, 39, -h*, 41, 

42 and 43, weiglicd fresh 6.30-18 grams 
This portion (d imi.'^tde was placed for 
five hours in 7,. I per ct'nt cane sugar so- 
lution, which was frequently .stirred and 
changed three times. In all about 200 
cc. of the sugar solution were used. .At 
the end of the live hours the inu.sole 
weighed 6.3091 grams, and was still 
highly irritaf)le. ft w.'ls then aii:ily/,ed 
for pota.ssiuiu and sodium and found to 
contain 0.3290 per cent potassium and 
0.0460 per cent sodium. 

The frcsli nuiscic contained 0.3437 
per cent potassium and U.().S()4 jjer cent 
sodium. Tlierefonq 0.3437-0.3299 or 
0.()1,3S per cent potassium, and (l.(),S04- 
0.0460 or 0,0341 ]>(t cent sudium may be 
supposed to have rJilTused out into the 
sugar solution. 

T(unp('rature varied laOwecu 22“ and 
25° 

^ See footnote to Experiment 58. 

Exi’Ehimk.nt 61 
May 22, 1911 

Portion of stomach ni\isclc of bull- 
frog 44, weighed fresh 0.208 grain 

10.49 A.M, immersed in mixture made 

up of 1 part llingoT and 
19 parts 7,5 per cent cane 
sugar solution 

11.04 A.M. weighed 0,214 gram, fibers 
have liot changed in length 

11.49 A.M. weighed 0,210 gram, fibers 

now somewhat shorteneil 

1.49 p.M. weighed 0.205 gram, fibers 

still shortened 

3.49 P-M. weighed 0.214 gram, fibers 

still shortened, and fairly 
irritable 

Temperature varied between 26® and 
29“ 
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Experiment 62 
May 23, 1911 

Portion!? of stomach muscle of bull- 
frogs Nos. 45, 46, 47, 48, 49, 50, 51, 52, 
53, 54, 55, 56, 57, 58, 59, and GO, weighed 
fresh 5.4701 grams 

This muscle was kept for five hours, 
30 minutes in a moist chamber at 29° 
and then dried at between 100° and 110° 

Its final dry weight was 0.9748 gram 


Experiment 64 
April 10, 1912 

Sartorius of leopard frog 61, weighed 
fresh 0.182 gram 

1.00 P.M. immersed in 0.9 per cent 

KCl solution • 

1.30 P.M. weighed 0.194 gram, fibers 

not shortened, but en- 
tirely iinirritahle 

2.00 P.M. weighed 0,216 gram 

2.30 P.M. weighed 0.229 gram, fibers 

rather longer than origin- 
ally 

3.00 P.M. weighed 0.252 gram, fibers 

now very slightly shorter 
than originally 

3.30 P.M. still very slightly shorter 

than originally and rather 
stiff and gelatinous; trans- 
ferred to Ringer 

4.10 still entirely unirritable 
11.15 A.M. April 11, weighed 0.223 gram, 
now quite irritable 
through whole extent 
Temperature varied between 18° and 
19° 


Experiment 63 
May 23, 1911 

Portions of stomach muscle of bull- 
frogs Nos. 45, 46, 47, 48, 49, 50, 51, 52, 53, 
.54, 55, 56, 57, .58, 59, and 60, weighed 
fresh 5.3976 grams 

This muscle was placed for five hours, 
50 minutes in 7.5 per cent cane sugar 
solution at 29°. The sugar solution 
was stirred and changed frequently, 
in all about 700 cc. of it wore used. The 
muscle was still fairly irritable at the 
end of its stay in the sugar solution and 
weighed 6.1854 grams. It was dried at 
between 100° and 110° and its final dry 
weight was 1.1422 grams 

Experiment 65 
April 10, 1912 

Portion of stomach muscle of leopard 
frog 61, weighed fresh 0.161 gram 

1.10 P.M. immersed in 0.9 per cent 

KCl solution 

1.40 P.M. weighed 0.156 gram, fibers 

little changed in length 

2.10 P.M. weighed 0.158 gram, fibers 

slightly shortened 

2.40 P.M, weighed 0.162 gram, fibers 

still slightly shortened 

3.10 P.M. weighed 0.165 gram, fibers 

still slightly shortened 

3.40 P.M. muscle still highly irritable 
11.25 A..V1. April 11, weighed 0.234 gram, 

fibers now considerably 

lengthened and still fairly 

irritable 

Temperature varied between 18° and 
19° 
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Experiment 6H 
April 10> 1912 

Sartorius of leopard frog 1)1, weighed 
fresh 0,192 gram 

1.05 p.M. immersed in 1.3 per eent 

KjHPO^ solulion 

1.35 P.M. weighed 0.198 gram, fibers 

not shortened, but en- 
tirely unirritablc 

2.05 p.M. weighed 0.201 gram 

2.35 p.M. weighed 0,203 gram 

3.05 p,M. weighed 0,200 gram 

3.35 p.M, fibers have about same 

length as originally, trans- 
ferred to Ringer 
4.10 P.M, now quite irritable,'' 

11.23 A.M. April 11th, weighed 0.200 
gram, now highly irritable 
Temperature varied between 18° and 

19° 

I Ringer solution was not agitated 
between 3.35 and 4,10 


Experi.ment 68 
April 10, 1912 

Sartorius of leopard frog 62, weiglHal 
fresh 0.140 gram 

1.20 P.M. immer.sed in 1 per cent 

NaCMIaOi solution 

1.50 p.M. weighed 0.138 gram, fii)ers 

markedly shortened, but 
still somewhat irritable 

2.20 P.M. weighed 0.145 gram 

2.50 p.M. weighed O.lot) gram 

3.20 P.M. weighed 0.150 gram, fil)ei'S 

still shortened and some- 
what irritable, have all 
along becntwib'hing more 
or less rhythmically in the 
solution 

12.05 p.M. April 11, weighed 0.142 gram, 
fibers still markedly .short- 
ened and entirely un irri- 
table; transferred to 
Ringer 

1,40 p.M, now' somewhat irritable 
Temperalure varied between 18° and 

19 ° 


I'iXl'KKJ.MK.M' 67 
.1/0-// 10, 1912 

Portion of stomach uniscle of leopard 
frog 61 , weighed fre.sh 0.139 gram 

1.15 p.\5. immersed In 1,3 per cent 

IvdlPn, solution 

1.15 p.M. weigli(‘d O.I U gr.ani. liber.s 

little changed in length 

2. 15 i*.M. weiglua) tt.l ll gram. til»ers 

.':liglOl\'‘l(Migtheiicd 

2 45 p.M. W(‘iglii’d 0.M5 gram. lilaTti 

still slightly h-ngiiieiu'd 

3 1.5 p.M. weighed O.l ttl gium, hl)ers 

.still slightly lengthened 
3.45 p,M. .still liiglily irritat)|t' 

11.45 A..M. .\prii 1 1. weiglieil O.liiT gram, 
(ihers somewlitil further 
lengllieiKal. .aiul still f.iirly 
irritable', llioiigh ratlier 
le.ss so than (hose <>f cotn- 
[);itiion of I'Aperitmmt ti.5 
wliicli h.'id bi>en in D.9 
per emit Kt'l .solution 
Tempo r.at lire s'ariefl Ix'lwiam IS" .and 
19° 

KM'I'.IUMKST 60 
April 10, 1912 

Ihirtion of stom.acii iniis -lf' of )eo|).ard 
frog t)2, weigfied fresh 0.1.57 gram 

1.25 p.M. imm(“rs(’(l in 1 jier rent 

IS.al hdld >:- holiiGori 

I, .5.5 p.M. widglied 0.1-58 gr.ini, hliers 

slightly lengthmu'd 

2.25 I’.-M. weighed O.Hd gram, libers 

somewhat fiii'tl'er lengtli 
emal 

2,55 p.M. weighed (t. I()2 gram, fillers 
have about .same length as 
at j.a.'^l weighing 

3.25 p.M. weigiied 0.160 gniin, libers 

sliglitly longer tiiaii at 
2.. 55 

.3 .5,5 p.M. .'^till (piile irritable 

II. 55 A..M. April 11. weighed 0.165 gram, 

fibens somewhat longer 
tlian at 3.25 p.m. ye.ster- 
diiy, a.nd still quite irri- 
tabie 

Teuiperaturi' v.-iried between 18° and 

19° 
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Experiment 70 
April 16, 1912 

Sartorius from leopard frog 63^ 
weighed fresh 0.141 gram 

10.45 A.M. immersed in 12 per cent 

cane sugar solution 

11.15 A.M. weighed 0,115 gram, fibers 

about same length as orig- 
inally, no sign of rigor 

11.45 A.M. weighed 0.112 gram 

12.15 p.M. weighed 0.115 gram 

12 . 45 P.M. weighed 0.114 gram, contracts 

slowly and remains con- 
tracted in neighborhood 
of stimulation; trans- 
ferred to Ringer 

3.00 P.M. twitches now in usual way 
on stimulation 

4.20 p.M. now somewhat more irrita- 
ble than at 3.00 

Temperature varied between 20^* and 
21 ® 

‘ This frog’s tissues were somewhat 
oedematous. 


Experiment 71 
April 16, 1912 

Stomach muscle from leopard frog 
63* weighed fresh 0.159 gram 

10.50 A.M. immersed in 12 cent cane 

sugar solution 

11.20 A.M. weighed 0.161 gram, fibers 

slightly shortened 

11.50 A.M. weighed 0.183 gram, fibers 

not much changed in 
length 

12.20 P.M. weighed 0.214 gram, fibers 

slightly longer than at 
11.50 A.M. 

12.50 p.M. weighed 0.233 gram, fibers 

now considerably length- 
ened, especially at cardiac 
end 

4.50 p.M. weighed 0.235 gram, fibers 
now much lengthened es- 
pecially at cardiac end; 
cardiac end no longer irri- 
table; pyloric end very 
slightly so 

5.25 p.M. transferred to Ringer 
10.30 A.M. April 17, all parts of muscle 
now' lengthened and unir- 
ritable 

Temperature varied between 19® and 
21 ® 

* This frog’s tissues were somewhat 
oedematous 
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Experiment 72 ExrKuiMviNr 7 ;i 

April 16, 1918 April UJ, !91J 

Sartoriua of leopard frog 6,^ weighed Stomach imiscle from h'opard frog 
fresh 0.139 gram 6:3,2 weighed fresh 0,241 gram 

11.00 A.M. immersed in 0,9 per cent 11.10 .i.m. humersed in 0.9 per cent 

KC'l solution Kt'l solution 

11.30 A.M. weighed 0.157 gram 11.40 .\.m. weighed 0.224 gram, lihera 

12.00 M, weighed 0.178 gram sumewhat shertened 

12.30 P.M. weighed 0.182 gram 12,10 r,M, weighed 0.227 grain, lihers 

1.00 p.m. weighed 0.195 gram still shurtened 

5.00 P.M, weighed 0.273 gram, fibers 12.40 p.m, weighed t).237 gram, (ihcrs 

Pot shortened, entirely still .shortened 

unirritable, temperat\irc 1 10 p.m. weiglicd 0.24!l gram, libers 
up to this point had varied very slightly longerthan 

between 20® and 21®; mus- at last weighing 

cle transferred to Ringer 4.10 p.m. weiglied 0.2S:3 gram, liliors 
at 12® somewhat loiiger than at 

9.30 A.M, April 17, still entirely unir- 1 10 

ritable, fibers little short- 11 10 a. m. .April 17, weiglied tt.372 
ened, temperature since gram, fil)ers now mucli 

5.00 P.M. April 16 has lengthened, still soiiie- 

remained at 12°, now al- whaf irrit. able, though lat- 

lowed to rise to 19° ent perind is long 

10.30 A.M. fibers now considerably Temperature varied between 19° and 

shortened 21° 

4.10 P.M. fibers still shortened and en- 2 phis frog’s tis.sue.s were somew’hat 
tirely unirritable, temper- oedematous 
ature has remained since 
10.30 A.M. at 19° 

^ This frog’s tissues were somewhat 
oedematous 

Experiment 74 
April 18, 1912 

Sartorius from small bull-frog 64, weighed fresh 0.195 gram 
10 . 20 A.M. immersed in 0.9 per cent KCl solution 

11 20 AM weighed 0.213 gram, fibers not changed in length 

12^^ P.M. weighed 0.235 gram, muscle still has original length and is rather .tifT 

1 20 r M. ZSSlrm, entirely unirritable, transferreci to liinger 
a m p M stiil entirely unirritable; fibers not changed in length 

shows no sign of rigor 

Temperature throughout this experiment was lb 
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Experiment 75 


Experiment 76 


Avril 18, 1912 

Saitorius from small bull-frog 64, 
weighed fresh 0.195 gram 

11.30 A.M. immersed in 3.95 per cent 

dextrose solution 

12.00 M. weighed 0.198 gram, fibers 
slightly shortened 

12.30 p.M. weighed 0.219 gram 
1.00 p.M. weighed 0.222 gram 

1.30 p.M. weighed 0.223 gram 

3.3(1 p.M. weighed 0.221 gram, shows 
barely perceptible irri- 
tability; transferred to 
Ringer 

4.30 p.M, now fairly irritable^ 

9.30 A.M. April 19, now quite irritable 
Temperature throughout this experi- 
ment remained at 16“ 

1 Ringer solution was not agitated 
betw'eeii 3,30 and 4.30 


A’pril 18, 1912 

- Stomach muscle from small bull- 
frog 64, weighed fresh 0.263 gram. 

11.35 A.M. immersed in 3-95 per cent 

dextrose solution 

12.05 P.M. w'eighed 0.270 gram, fibers 

somewhat lengthened 

12.35 p.M. w^eighfid 0.310 gram, fibers 

somewhat further length- 
ened 

1.05 p.M. weighed 0.345 gram, fibers 
markedly further length- 
ened 

1.35 p.M. weighed 0.392 gram, fibers 

now very much length- 
ened 

3.35 p.M. w'^eighed 0,480 gram, fibers 

now enormously length- 
ened 

3.55 p.M. still quite irritable 

10.05 A.M. April 19, weighed0.480gram, 

fibers have about same 
length as at 3,35 p.m. yes- 
terday, still slightly irri- 
table 

Temperature throughout this experi- 
ment remained at 16° 


Experiment 77 
April 18, 1912 

Sartorius from small bull-frog 65, weighed fresh 0.172 gram 

10.25 A.M. immersed in 0.9 per cent KCl solution at 4° 

11.25 A..M. weighed 0.188 gram, fibers somewhat shortened 

12.25 P.M. weighed 0.204 gram, fibers now have original length, muscle somewhat 

stiff and gelatinous 

1.25 P.M. wT.ighed 0.215 gram 

4.25 P.M. w^eighed 0.258 gram, entirely uni rrit able, temperature of KCl solu- 

tion has varied between 2° and 8°, muscle transferred to Ringer at 9“ 

5.25 P.M. temperature of Ringer is 11° 

9.30 A.M. April 19, weighed 0.196 gram, now quite irritable through whole extent, 
not shortened and shows no sign of rigor. Temperature of Ringer 
solution has risen gradually since 5.25 p.m. yesterday to 16° 
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Experiment 7S 
April 18, 1912 

Sartorius from small bull-frog 6.Y 
weighed fresh 0,185 gram 

11.40 A.M. immersed ill 7.5 per eeiit lac- 

tose solution 

12.10 P.M. weighed 0.186 gram, fibers 
not changed in length 

12.40 P.M. weighed 0.191 gram 

1.10 P.M. weighed 0.200 gram 

1.40 P.M. weighed 0.199 gram 

3.40 P.M. weighed 0.193 gram, shows 

barely perceptible irri- 
tability; transferred to 
Ringer 

4.30 P.M. now fairly irritable^ 

9.30 A.M. April 19, now quite irritable 
Temperature remained throughout 

this experiment at 16® 

^ Ringer solution was not agitated 
between 3.40 and 4,30 


K\!-i;[(lM K.NT TO 
April IS. 1912 

Stomach itiusch' from small Inilhfiatg 
6,'). W('iglicd frc.sli grata 

11 15 A.-M. immersed in 7,5 per cent 

hn tose soltil ion 

12.15 P.M. wt'ighed 0.2l)l gram, tihers 
stniu'u h.at letigt liened 

12 45 P.M. weiglied 0.22S gram, lilx't’S 

.soniewliat further length- 
ened 

1.15 P.M. weiglii'i! 0.252 gram, libers 

markeill v furl her haiglli- 
(Mied, e.'jpeei.ally at e.aiali.ae 
end 

1 45 P.M. aaaghed 0.2S2 gram, I’lltets 
now very imieli leiigth- 
t'lnal 

3 45 P.M. weiglnal l).3t)6 gi.ain, libers 

somewhal longer lli.an at 

1.4.5 

4 U) P.M. still (piite irritable 

10.15 A.M. Api'il 19, weighed ().2.af) 

gr.ain. filti'rs.a lit th'.sliorlf'r 
tlian at 3.45 p.m. y('sb‘r- 
day, eaiaiiae end im huiger 
irritable, pylniie end very 
slighily so 

Temperature remained lliroiiglionl 
tills experiment al 16 ” 




CONCERNING NEGATIVE PHOTOTROPISM IN 
DAPHNIA PULEX 


A. H. MOORE 

Frcm the Rudolph Sprecheh PhyeiologRal Laboratory of the Unirersily of Califoraia 
Berkeley ’ 


It has been shown by Loeb^ that the rays of a Heraens luercnry 
arc cause Balanus larvae and Daphnia to become negatively 
phototropic^ This effect is due principally to the ultra-vioh^t 
rays given off by the mercury lamp, because if a plate of ordinary 
window-glass be interposed between the light and the dish con- 
taining the animals, thus cutting off the greater part of the ultra- 
violet rays, the negative effect of the light is much dimiuish('d. 

Before making further experiments along this line, I wished 
to determine at what point in the spectrum one thickness of 
window-glass cuts off the ultra-violet light effectively. To this 
end spectrophotographs were taken with and without the glass 
plate interposed, exposure twenty seconds. I am greatly in- 
debted to Professor Minor, of the Department of Physics, for 
making the spectrophotographs and identifying the lines. Figure 
1 at the top shows a spectrophotograph of the mercury arc used; 
and below a photograph of the same with the glass plate inter- 
posed between the arc and spectroscope. 

It is apparent that a pair of lines in the ultra-violet (lines of 
wave length 3341 A. u.^ and 3390 A. u.) pass through the glass 
plate only slightly impaired. Therefore, the much stronger nega- 
tive effect of the light which does not pass through a glass plate 
must be due to the rays of wave length shorter than 3341 A. u. 

^ Loeb, J. Pfltiger’s Archiv, Bd. 11.5, S. 57C. 

2 Angstrom units. 
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The material used in the following experiments was Daphnia 
pulex, kindly identified for me by Professor Kofoid of the Depart- 
ment of Zoology. In all of the experiments the animals were 
put into a finger bowl with 20 cc. of tap water, and set at a dis- 
tance of 1 foot from the mercury arc. Tinder such conditions 
all of the animals form a complete negative collection in twenty 
to thirty seconds. The Daphnia never move toward the light 
but always away even in the first second of exposure. 

If the finger bowl containmg the Daphnia be covered by a 
plate of ordinary window-glass, thus cutting off the light of 
wave length shorter than 3341 A. u., the results are not so uniform. 
In some cases there is an irregular wandering away from the 
light, but never a negative collection. Usually even after one 
and one-half hours’ continuous exposure, the Daphnia are still 
scattered about the dish. Sometimes they even form a positive 
collection. 

That the action of the light of wave length shorter than 3341 
A. u. is specific for negative phototropisni of Daphnia may be 
shown by a simple experiment. First cause the animals to form 
a negative collection in an open dish, then cover with a glass 
plate without otherwise interrupting the light. The negative 
collection then begins to break up and the animals tend to scatter 
evenly about the dish. In some cases the greater part of them 
wander about on the side away from the fight, in other cases 
they form a weak positive collection. 

From such experiments we must conclude (1) that light of 
.wave length 3341 A. u. or longer is not effective in causing negative 
phototropism of Daphnia pulex, while fight of shorter wave 
length causes them to become negative instantly; (2) that^^the 
effect of ultra-violet light of wave length shorter than 3341 A. u. 
is apparent only during the time of action of such fight, and 
ceases to exert an effect almost instantly upon this fight being 
cut off. 

Furthermore, I found that the negative effect of ultra-violet 
fight disappears when acids, especially CO 2 , are added in small 
quantities to the water containing the Daphnia while the latter 
are undergoing exposure to the ultra-violet light If the negative 



XK{;A'ri\'i': rno'r()'r.U(U'isM in dai’hma 


oollcctiou is allowed to Iona, :md llu'ii lo tlie dll (HN of water eon- 
taiuiuti; the aiunuds there be addl'd d (‘e. of earbonaled waii'r, 
a complete positive collection of th(‘ Daphnia at oina' oceiirs 
atid reniaitis foi’ ten to thiity iiiiiiiites, after which lliey may 
again become uegtiti\'e. The same effect may be prodma'd by 






HI R; AK. 



'1V\( liuijH' 1 

snbstiiiiting 1 cc. T.- Ib'l bw llu' carlxmated wal»>r. AIcoIkT 
and et-her are not effective in ])roduciiig this re.odt. wnce narcosis 
sets in before any significant niovcinenl tak(‘- place. It i- I'vi- 
dent, however, that tlu' acids whiiT Loci) found would cau-e 
Daplinia to become ])ositive to visible light, are I'ilcctive in mak- 
ing these animals jKwitive to (lie ultia-violi'l liglit. 

si'.M.MAitv 

1. Ultra-violet light of wave haigtli shorter tliaii oMll A. u. 
is specific for causing iiegativi' ])hototropisin in I)a|>hiiiM ]*uleN. 

2. Negative pliototro])ism so produci'd i- notased wlnai sundl 
quantities of (T), or of H(d are addeil to llu' water coniaitung 
the animals. 



THE COMPARATIVE EFFICIENCY OF WEAK AND 
STRONG BASES IN ARTIFICIAL 
PARTHENOGENESIS 


JACQUES LOEB 

From The Rockefeller for Medical Rcftearch, New York 

In 1905 the writer found that it is possible to induce artifi- 
cial parthenogenesis (membrane formation) in the sea urciiiii 
by weak acids, such as the monobasic fatty acids or i'(\, but, 
not at all or only unsatisfactorily by the strong acids, such as 
HCI, HsS 04 , oxalic acid, and othei-s. ITo suggested that this 
paradoxical behavior was due to the fact tluit only those 
acids which diffuse easily into the egg able to (‘aus(' 

membrane fonnationd This assumption was supported by tlie 
observation that there existed an analogy between the nhtlive 
physiological efficiency of various organic aiuds anti their 
corresponding alcohols. 

This paper intends to show that the weak base Ml, Oil 
is much more efficient in the production of artitu'ial })arlheno- 
genesis than the strong bases NaOH, KOH, and totraaetiiyb 
ammoniumhydroxide. The writer found in 1007 that it, is 
possible to substitute bases for acids in the proc(‘ss of artitiemi 
parthenogenesis with this difference, that the eggs liad to Ixj 
exposed to the alkaline solution for a considerably longuu' iiiuiml 
than to the acid solution in r)rder to cause them t(> (hnvlop. 
The eggs of Strongylocentrotus could be caused to dcv(‘lop h> 
putting them for nearly three hours into a mature .)f o (*c. m - 
(NaCl + KCl + GaCU + 0.5 or 1.0 cc. ,-V N^OH. Wh™ surh 


■Loeb, University of C.alifornia 

■‘Dieehemi.scheEntwickluBgs.;rrcgimgtettonsd^ i.„Hl,.o,nKv„e.so. 

^Loeb. Ueber die nllgemeinen Metbode.j del kunsUnli 
Ffliiger’s Archiv, Bd. iiS, p. 


tee jodheae or etpeeieeetai. zoSloov. VOL. 13. EO. 4 
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e^^g;.s were then transferred for from thirty-five to forty minutes 
to a hypertonic solution (50 ♦cc. sea water 8 cc. m NaCl 
+ KCl + CaCU) a number of them formed membranes and 
the eggs developed afterward into swimming larvae. 

Recently 0. Warburg® showed that NH4OH diffuses rapidly 
into the sea urchin egg while NaOH does not, and this observa- 
tion was confirmed and enlarged by Harvey,* This suggested 
the possibility that, as in the case of acids, weak bases might 
be found to be more effective in producing artificial partheno- 
genesis than strong bases. 


1. Method 

In order to obtain comparable results the bases had to be 
added to a neutral solution instead of to sea water. An m/2 
solution of (NaCl -h CaCb + KCl) in the usual proportion 
was used^ for this purpose. Before the eggs were put into this 
solution they were freed from sea water by repeated washing 
in a solution of the same constitution and concentration. From 
the alkaline solution the eggs were transferred directly into 
the neutral hypertonic solution. The latter consisted of 50 cc. 
m/2 (NaCl + CaCb + KCl) -f 8 cc. 2| m of the same mix- 
ture. From the hypertonic solution the eggs were transferred 
to normal sea water. They often showed a tendency to stick 
to the glass. This was overcome by preventing them from 
settling for about five minutes through gentle agitation. 

2, Comparison of the efficiency of NHiOH and KOH 

To 50 cc. m/2 (NaCl -h KCl + CaCh), 0.3 cc. NII4OH, 
and 0.3 cc. ^ KOH were added respectively. Unfertilized eggs 
of Arbacia were left in these solutions for six, twelve, twenty- 
four, forty-two, and sixty-one minutes. Then they were trans- 
feiTed for fifteen minutes into the neutral hypertonic solution, 

* 0 . Warburg, Zeitsch. f. physiolog, Chem., Bd, 66, p. 305, 1910. 

^Harvey, Jour. Exper. Z 06 I., vol. 10, p. 507, 1911. 

® This proportion is as foUows:*100 cc. in/2 NaCl ~\- 2.2 cc. ni/2 KCl + 1.5 
cc. m/2 CaCU. 
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namely, 50 ec. m/2 (NaCl + K(’l + Ca(1-5 + 8 cc. 2J iti (XaCl 
-J-KCl -f CaCls). From the h>rpert ouie .solution I hey were 
transferred into normal sea water. Tlie temperature ^':lried 
but little from 22°C. The results of the experiment follow, 

a. Eggs six minutes in the alkaline solution. Some of the 
eggs which had been in NlhOIl for six minutes deviF)ped as 
far as the two or even the four cell stage, but no further. 'I1ie 
blastomeres of the segmented eggs fell apart. No larvae were 
formed and the majority of the eggs remained unaltered. Noi\e 
of the eggs that had been in KOII for six miuute.s segmented ; 
all remained unaltered. The eggs winch tlid not segmt'ut had 
no membranes. 

b. Eggs twelve minutes in alkali. A large ]>erceutage of the 
eggs that had been twelve minutes in the NlIiOll foriiKNl mem- 
branes and segmented, and a few of these developed into lain :u‘. 
The eggs which had not formed membranes rernaim'd ujis(‘g- 
mented and intact. 

The eggs which had been for twelve minutes iiiKOH foniuHl 
no membranes and did not segment or develop into laiaiu*. 
A few showed amoeboid changes preceding a possible. evW divi- 
sion. Practically all the eggs were intact on the following day. 

c. Eggs twenty-four minutes m alkali. The eggs ihal had been 
in NHiOH for twenty-four minutes practically all formed mem- 
branes, segmented normally to a large extent, and formed farme. 
Many of the latter reached the pluieus stage, and swam at the sur- 


face of the dish. 

Of the eggs that had been twenty-four minutes in KOII about 
10 per cent formed membranes and began to segTnent, but did 
not go beyond the first stages of segmentation. Ninety per 
cent of the eggs formed no membranes, did not seguK'nt, and 
remained unaltered. We shall see later that such eggs, upon 
the addition of sperm, will develop into normal larvae, thus 
indicating that the treatment with KOH did not affect them. 
d Enos forty-two minutes in alkali. About 90 |)er cent o 

the eggs that had been in NH.OH for forty-two minutes formed 
membranes, segmented and developed into swmrun.ng larvae. 
Not so many reached the pluteus stage as in the previous lot. 
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Only a small percentage of the eggs that had been in KOH 
for forty-two minutes formed membranes and segmented, and 
only a few of these developed into swimming larvae. 

e. Eggs sixty minutes in alkali. The eggs that had been in 
NH4OH for sixty minutes formed membranes. Some began 
to segment but the majority disintegrated without reaching 
the larval stage. 

A considerable percentage of the eggs treated with KOH 
for sixty minutes began to segment, but most of them disin- 
tegrated before they reached the blastula stage. The rest of 
the eggs remained intact. 

We may summarize the result of this experiment by saying 
that practically all the eggs that had been treated with a 3/5000 N 
solution of NHiOH for twenty -four minutes and were then put 
into a neutral hypertonic solution for fifteen minutes developed 
into larvae, this development being normal in a large number of 
cases. The eggs, however, that ivere treated with a 3/5000 N solu- 
tion of KOH for twenty-four minutes and then put into a neu- 
tral hypertonic solution for fifteen minutes remained practically 
unaltered, 

8, Co7nparison of the efficiency of NH/OH, NaOH and tetraaeth- 
ylammoniumhydroxide 

To three solutions of 50 cc. m /2 (NaCl + KCl + CaCh) were 
added 0.3 cc.^ NH 4 OH, 0.3 cc. NaOH, and 0.3 cc. To tetraaeth- 
ylammoniumhydroxide respectively. Unfertilized eggs of Arbacia 
were put into these solutions for twenty-six minutes and were then 
transferred directly into a neutral hypertonic solution, namely 
50 cc. m /2 (NaCl + KCl + CaCh) +8 cc. 2 § ni- (NaCl -f 
KCl -h CaCh). They remained here for fifteen minutes and 
were then transferred into normal sea water. 

Practically all the eggs that had been in 0.3 cc. NH 4 OII for 
twenty-six minutes developed into larvae (about as quickly 
as the larvae from fertilized eggs) ; the eggs that had been in 0.3 
cc. NaOH, or in 0.3 cc. tetraaethylanunoniuinhydroxide for 
twenty-six minutes remained practically intact. Only a few 
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eggs segmented, and only after a long soareli was it possible to find 
a swimming larva on the following day. 

These experimenis, which were repeated a namher of lodt- 
cate that the weak base is otuch wore efficient in the causa- 

tion of artificial parthenogenesis than the strong bases S nO//. KOff, 
and (eiraaethyla^mn onium hydrox Idc . 


Action of alkalies alone, without the aelion of hypertonic 
solution 

0.3 cc. ^ NH 4 OH, 0.3 cc. XaOIL and 0.3 (■(>. r; tetm- 
aethylammoniumhydimide wore added to 50 ee. m 2 iNat'! 

+ KCl d- CaCb) respectively. Unfertilized eggs oi Arbacia 
were put into these three solutions for forty-two minutes and 
then transferred to normal sea water. All r)f tin' eggs tliat Inul 
been in the solution eontaining the XII, OH si^gnwnti^d in a 
rather amoeboid way into two or four cells, afKa- winch th(‘ 
cells fell part and disintegrated. All of the eggs that lia< iron 
in 50 cc. m/2 (NaCl + KCl + CK'l.) + 0.3 cc. NaOH tor 
forty-two minutes remained practical!}' intact am llic same 
was true for the eggs that liad been i.i the letraa<>(b}-lamnioni- 
unilrydroxide for forty-two minutes, n order to make s ^ 
that they did not only appear nonual but y;,';;; 

was added to these eggs the next luoniing. All • UU' | 

had been in NaOH, and in tetraeathylarnnnmmm hydioMd. , 

segmented normally and developed into 

In this experiment part of the eggs were .subimfh. l m W 
minutes to the action of the neutral hyperfonu' so u to. . flu 
they had been treated with alkali. The cgg.s tbw la. lun 
in NH.OH developed into larvae, the others dii n" ■ 
obvious that the changc.s leading to P^‘Chcnogenet.i ilevc U - 
ment are brought .about considerably more rapidly by MbOlI 

than by the .strong bases 

All this rs m complete ^ .pers 

artificial more rapidly 

the egg can act, and snwe is more elliciont 

than the strong bases, the veak base Mi.uit 

than the strong bases. 
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5. Oxidation and action of alkali in artificial ‘parthenogenens 

In former papers the writer had shown that the partheno- 
genetic as well as the destructive action , of KOH and NaOH 
upon cells can be retarded or suppressed through the removal 
of oxygen or the addition of a few drops of KCN.^ It was our 
intention to find out whether the action of NH 4 OH in artificial 
parthenogenesis could also be suppressed by KCN. This is 
indeed the case. Two solutions of 50 cc. m /2 (NaCl + CaCb 
+ KCl) +0.3 cc. ^ NH4OH were prepared. To one of these 
were added five drops of a 0.1 per cent solution of KCN. Un- 
fertilized eggs of Arbacia were put into these solutions for forty- 
five minutes and then transferred to sea water. The eggs which 
had been in the solution containing KCN remained absolutely 
intact and unaltered. The next morning sperm was added 
and all segmented regularly, developing into perfectly normal 
larvae. The eggs, however, which had been in the solution 
not containing KCN began to segment and in a few hours dis- 
integrated completely. 

If the eggs remain for a number of hours in a mixture of 50 
cc. m /2 (NaCl + KCl + CaCb) + 0.3 cc. ^ NH^OH + 5 drops 
of 0.1 per cent KCN they remain intact, but when put back into 
normal sea water they soon segment in an in*egular way and dis- 
integrate. This is in agreement with the well known fact th^t 
the amount of KCN added in this case only retards the oxida- 
tions but does not suppress them entirely. 

These experiments throw a light upon the localization of 
oxidations in the cell. Warburg pointed out that the increase 
of the rate of oxidations in the egg by NaOH can only be as- 
cribed to a surface action, since the NaOH does not noticeably 
diffuse into the egg. Wasteneys and I found that the weak 
base NH 4 OH accelerates the rate of oxidations about one-half 
as much as the strong base NaOH.^ The fact that NH4OH 
raises the rate of oxidations much more than should be expected 


<Pfliiger’s Archiv, Bd. 118, p. 30, 1907, and “Die chemische Entwicklungs- 
erregung des tierischen Eies, p. 118. 

^ Loeb and Wustcncys, Biochem. Zcitsch., Bd. 37, p. 410, 1911. 
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from its low degree of dissociativMi hee nines iutolligibli' if we 
asunie that the NH4OH which ditTiisi's into the egg iniiueiiees 
the rate of oxidations more strongly than the alkali which acts 
merely on the surface of the egg. On this assumption tlie 
external surface of the egg is neither the only nor piM-haps the 
main seat of oxidation, but’ oxidations occur also in tlu‘ iiih'r- 
ior of the egg. 

Another fact which w^oiild agr(‘(' with such a vunv is tin* fnl- 
lowing: The egg of the Californian sea urchin, St rongylocen- 
trotus purpuratus, cannot develo]) in an aciil or in a luaitral solu- 
tion. It suffices, however, to add a small aiiinimt of neulr.al 
red to the salt solution to start the ihn’elopiiumt. Neutral 
red is a much w^eaker base than NHiOH and difluses rapidly 
into the egg. It is not well conceuable that neutral red eould 
accelerate the oxidations in the sea urchin ('gg except on (lie 
assumption that NaOH acts only or at least mainlv on the sur- 
face, while neutral red acts in addition inside the (‘gg. Since 
in this case the action of the alkali (‘ousists also in an accelera- 
tion of the rate of the oxidations this would also point towards 
the probability that the external surface is not th(‘ only seat 


of oxidations in the cell. 

Finally, it should not be oxerlooked that the strong bas(‘s 
NaOH or KOH have also a small parthonogeuetic^ <’iTect. In 
view of the experiments mentioned in this ])aper this fact sug- 
gests the possibility that the strong bases diffuse into tbe egg 
to a shght extent, or at least into its cortiiail layer. It is proiui- 
ble that for this diffusion only the imdissocjat(Ml moVciih's of 
these bases are to be considered. The fact that the stimig 
bases do not change the color of the neutral real cutaiuci >n 
the egg does not contradict such an assumption, if wc suppose 

to, to b» the « 

acid constituent of the egg, e.g., an acid piotcim 


6, Me 7 nbrane fomation hy all'dU 
To his former experiments on the partheuogenctic action of 

iA^ylo— .b. to. .... 
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eggs which are induced to develop under the influence of KOH 
form a membrane, but that this membrane formation takes 
place, as a rule, not in the alkaline solution but in the hyper- 
tonic solution. The egg of Arbacia does not form as distinct 
a membrane under the influence of alkali as does the egg of 
Strongylocentrotus. In Arbacia, as a rule, 'only a fine gelati- 
nous layer is formed at the surface of the egg through the agen- 
cies of artificial parthenogenesis. 

When the eggs of Arbacia are put for twenty-five minutes 
into a mixture of 50 cc. m/2 (NaCl + KCl -1- CaCb) + 0,3 
cc. To NH4OII and then transferred to a neutral hypertonie 
solution for about fifteen minutes, (at a temperature of about 
22°C.), as a rule a large percentage, if not all the eggs, will de- 
velop into larvae and it will be found that the eggs which develop 
possess a ‘membrane. The membrane in this case is not formed 
while the eggs are in the alkaline solution but while they are 
in the hypertonic solution. When the eggs are left in the alka- 
line solution much longer than twenty-five minutes membranes 
may be formed in the latter. 

The following observation is of interest. Eggs were put for 
forty-five minutes into a mixture of 50 cc. m/2 (ISaCl -h KCl 
H- CaCb) +0.3 cc. NH4OH + 5 drops 0.1 per cent KCN. 
From here they were transferred for fifteen minutes into the 
neutral hypertonic solution and then into sea water. All these 
eggs formed membranes but perished by cytolysis, the pigment 
gathering as a rule in one or more spots of the egg. The reader 
will remember that such eggs when put directly from the alka- 
line solution with KCN into sea water (without undergoing 
a treatment with the neutral hypertonic solution) form no mem- 
brane, and remain intact, developing normally if later on fer- 
tilized by sperm. 

Why then does the treatment of such eggs for fifteen min- 
utes with the hypertonic solution kill them? The experiment 
seems to indicate that the NH4OH has two effects, one of which 
consists in inducing the process of membrane formation. This 
process in this experiment was not inhibited through the pres- 
ence of KCN in the NH4OH solution. In foimer papers the 
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this cle.,r another set of experinu.l's ‘!!!^st^,e'' 

7. yanatfo. 0 / the time of erposore ,0 

In the experiments thns far nu.nfiono.i tl,,. e,,s „r 
were always exposed to the neutral hypert.,nir solution 'hu- 
fifteen minutes at a temperature of at, out 22V tfl,,., he 

eggs had previously been treated for about ,weutv-(ive u - 
utes with a mixture of 50 ec. m 2 (XaC| + KVl + ('.,ci , ! 
0.3 cc. NiyOH the exposure of fifteen minutes to’/ueutnl 
hypertonic solution as a rule suflieed to ea.use a.ll or mamv of 
the eggs to develop. If the eggs remain in the livperlouic 
solution for a longer period, (hey develoii in a less l■egular w-v 
and perish, as a rule, at the time of the blasfula, foriu;..ti,ui 
probably on account of irregular (muIti])olar?) mitosis V 
shorter exposure than fifteen minutes at this teumera.ture is, 
as a rule, inadequate to protect the eggs from disiutegraliug 
during the first segmentation. .\s was to be expected from 
the author’s fonner experiments, the optimal time of ex])osure 
of the eggs to the hypertonic solution varies, if tlie time of ex- 
posure to the yikaline solution A^aries. 

Unfertilized eggs of Arbacia were put into a niixturo of 50 
cc. m/2 (NaCl -f KCl-f CaCy + 0.3 ec. A XH/OH. One 
part of the eggs was transferred to the neutral hypin-tonie solu- 
tion after ten minutes, and the I’est after tliirty minutes. Af((‘r 
different intervals some of the eggs wcM’e transferred to norjual 
sea water. The result is indicated in the following table. Tem- 
perature 23'^C. 

(a) Eggs in 0.3 cc. yj XHiOH for ten minntrs and sid)>n({:u:ntbj in (he nvnlrnl 
hyperionic solution for 

1() minutes: The eggs begin to segment, but disintegrate, Xo larvae 
formed 
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24 minutes: Many eggs develop into larvae ivhich rise to the surface 
32 minutes ; Few eggs develop into Im’vae. The iriujority disintegrate 
45 min\ites : All form membranes and begin to develop, but disintegrate 
60«niniitcs; Like the preceding lot 

(b) Eggs in 0.3 cc. NH 4 .OH for thirty minutes and subsequently in the neu- 
tral _ hypertonic solution for 

10 minutes: About 10 per cent of the eggs form membranes and develop 
into perfect larvae 

15 minutes: Practically all the eggs develop into swimming larvae, many 
of which are perfect. Numerous larvae rise to the surface 
23 minutes:. Very few eggs develop into larvae; the majority of the eggs 
undergo cytolysis 

45 minutes: All the eggs undergo cytolysis 


It is, therefore, obvious that the eggs that had been in 50 cc. 
m/2 (NaCl + KCl + CaClO + 0.3 cc. /V NH 4 OH for ten min- 
utes developed best when exposed to the hypertonic solution 
for tweniy^four minutes, while an exposure of sixteen minutes 
was too short and one of thirty-two minutes too long. The 
eggs that had been in the same alkaline solution three times 
as long (thirty minutes), developed best when put for fifteen 
minutes into the neutral hypertonic solution, while ten min- 
utes were not quite sufficient and twenty-three minutes too 
long. 

These observations throw a light on the experiment men- 
tioned dn the previous paragraph. In this experiment , the 
eggs were put into an NH4OH solution containing KCN for 
forty-five minutes. The latter retarded the oxidizing effect 
of the NH4OH amd therefore had the same effect as if the eggs 
had been put for a shorter period into an NH4OH solution free 
from KC^N. We have seen, however, that a shorter exposure 
of the eggs to a solution of NH4OH requires a longer exposure 
tlian fifteen minutes to the hypertonic solution if we wish to 
cause the development of the eggs into larvae. The eggs did 
not develop in thi^ experiment because the exposure of fifteen 
minutes to the hypertonic solution was in this case too short. 

This idea was put to a test. The unfertilized eggs of Arbacia 
were put for forty-two minutes into a solution of 50 cc. in /2 
(NaCl + KCl + CaCb) + 0.3 cc. ^ NH4OH -f 5 drops 0.1 
per cent KCN. They were then transferred directly into the 
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neutral hypertonic solution, 50 cc. m 2 iXod + K('l + 
CaCW+S cc. m (NaCl + KCl + ('^(' 1 ,). l^irt of (he 

eggs were transferred after fiftoeu, t\v(M\ty-(i\e. and tjdrty- 
three minutes to nonnal sea water. Of the eggs that reruaiiied 
only fifteen minutes in the hypertonic' solution all [lerished. 
About 50 per cent of those that had been in the hypcMtonie 
solution twenty-five minutes de\xdo[)ed into larvae, and a still 
greater part of those that had been in the hypertonie solution 
for thirty “three minutes developed. A large niuuber of thesty 
larvae rose to the surface. If the eggs liad been in the XlhOH 
solution without KCN an exposure of hfteeu luiniites to the 
hypertonic solution would have Ixtu sufficient. 

It should also be remein])ercd tliat the writer liad showii 
long ago that the action of the hvjwrtouic solution requires 
also the presence of free oxygen anal is delayed throng] i the 
addition of KCN, When tl\% eggs are put into tlie alkaline 
solution containing KCN for forty iniiuiles they will not at 
once lose all the KCN or HCN when put into the hypei’ionie 
solution. This may be an additional reason for the neco.ssity 
of keeping them longer than fifteen niiiuites in the hypertonic 
solution after a treatment with a KCN solution. 


8. Effect of the conceniration of XH/)!! 

In all the experiments mentioned thus far tlie eonj'eiitration 
NH 4 OH used was 3/5000 N (0,3 f,- KH.OH) to 50 cr, iu/3 (Nrd '1 
+ KCl + CaClj), since this concentration was found to bo very 
satisfactory for the production of good larvae. It was desir- 
able to get an idea of the limits of the concentrations in ivhicli 
the NH 4 OH can be used. To 50 cc. ra/2 ^ ’ 

CaCb) were added, 0.05, 0 . 1 , 0 , 2 , 0.4, 0.8 cc, Ml.OH and 
unfertilized eggs were put into these solutions. The eggs Re- 
mained in the solutions forty minutes and wctc, 
ferred into the above mentioned neutral hypertonic solutions. 
They remained in the hypertonic solutions 
and were then transferred to normal sea wate . 
are indicated in the following table; 
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Amount of NHtOH used: 

0.05 cc. ^ NH4OH Two larvae found. Practically all the eggs unaltered 
^ and normal. No membranes 

CLIO cc. NH4OH Very few larvae. About half of the eggs unaltered, 
the rest cytolyzed* 

0.20 cc. NH4OH Few larvae. Practically all the eggs cytolyzed 
0.40 cc. NH4OH A large number of larvae, part of w'hich rise to the 
surface 

0.80 cc. NH 4 OH Very few larvae; the rest of the eggs practically all 
cytolyzed 

These results are easily intelligible in the light of the pre- 
viously described experiments. The addition of 0.05 cc. 
NH4OH to 50 cc. m/2 (NaCl + KCl -f CaCh) does not affect 
the eggs in forty minutes, nor does an exposure to the hyper- 
tonic solution for fifteen minutes. Practically all of the eggs, 
therefore, remain nonnal. 0,10 cc. ^ NH4OH is able to affect 
a numb'er of eggs in forty minutes, but the exposure of fifteen 
minutes in the hypertonic solutkm is too short (see previous 
paragra[:h.) Therefore, the affected eggs perish. They might 
have developed had they been exposed a little longer to the 
hypertonic solution. 0.04 cc. ^ NH4OH is satisfactory for an 
exposure of forty minutes to the alkaline solution and of 
fifteen minutes to the hypertonic treatment. This series, there- 
fore, yields a good crop of larvae, although it is not the opti- 
mum.' 0.8 cc. NH4OH is too high a concentration, for it 
injures the eggs and only a few survive. 

9. The individual variation of the eggs 

All of these as well as our previous experiments bring out 
the fact that the individual eggs vary a little in their reaction 
'to the same solution. We are inclined to ascribe this result 
chiefly to a difference in the permeability of the individual eggs 
for bases, since it. is not to be expected that the surface films 
of the individual eggs are exactly alike. Another source of 
variation seems to lie in the unequal distribution of the eggs 
in the solution, or at the bottom of the dish, whereby the chances 
for the equal diffusion of alkali or oxygen into the egg are di- 
minished. 
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10. Application of the method to (he eggs of other forms 

The method of treating the unfertilized eggs with NlIiOH 
was also tried on the eggs of Xereis and (^f (d\aeto])tei-\Ls. The 
eggs of the latter form suffer in the treatinout but a small mini- 
ber were caused to segment. Th(‘ (‘ggs of Xeri'is, howeviu’. 
could be caused to segment and develop almost normally with 
this treatment. The method was imt varied sullieiently to 
warrant us in giving details. 


.SU^LMARV OF UlvSlT/FS 

L The experiments show tliat tlu^ weak base is 

much more efficient for the causation of artifli'ial partluoio- 
genesis in Arbacia than the strong bases KOIf, Xat)H, and 

tetraaethylaminoniurnhydroxide. This hud cufiosijouds wiOi tlu’ 

observation made by the writer so\'enil years aRo, llml I lie 
weak acids (like the mono-basic fatty acids or CO,) arc much 
more efficient in the same process tlian tlie slrotiR acids I he 
explanation given by him for the latfei' casi' seems to lio< or 
the former, that only that part of the acid or l.ase Ouch is aide 
to diffuse into the egg brings about artilicial partlieiiogencMs. 

2 The unfertilised eggs of Arbacia can be caused to deveioi. 

into normal larvae by putting them into a mixture o a cin 

m/2 (NaCl + KCl + CaCl,) + 0.3 cc. AH, OH io. Imo l - 

five minutes, and afterwards into a y'.';,- 

tion namely 50 cc. in 2 (Xuf 1 T Xf 1 A ( hi) + ‘ ' • 

m (NaCl -h' kci + CaCl,) for fifteen minules (at a tcm)>euu 

r 1 i 99°C) The egt''s must bo freed from s(‘a wAn'* 

ture of libout 22 O.j ino cg^. imi 

by repeated washing in a mixture of m - b a + - 

before they are put into the alkaline -lu ions. liis mCtiod 
is almost as satisfaetory as the butyric acid luetbml. 

3 The eggs treated for twent.y-five mimites y h MIiljH 

form membranes “ ibat 

form membranes while m me 
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case they must remain in the alkaline solution for a consider- 
ably longer time. 

4. The effect of the NH 4 OH can be inhibited or retarded by 
the addition of a few drops of KCN to the solution. Since 
our experiments indicate that only that part of the alkali can 
act which diffuses into the egg, and since it was shown for- 
merly by Wasteneys and the writer that in spite of its low degree 
of dissociation NH 4 OH is about half as effective for the increase 
in the rate of oxidations as KOH, the experiments suggest that 
in the egg of the sea urchin the oxidations are not confined to 
the external surface. 



ON ARTIFICIAL .MODIFICATION OF LlOirr 
REACTIONS AND THL IXKJAE\(A<: OF 
ELECTROLYTES ON PIIOTOTAXIS 

F. IA\ AF1) 

Since Loeb’s early papers on animal lieliotropism it lias l)e(‘n 
known that in certain cases the experinientor is ahk^ tu hriii^ 
about changes in the orientation of animals to liglit by artificial 
means. Loeb was able to show that in mariiK* cop(*]>o(ls ilecrcasc 
of temperature and increase of concentration of th(‘ sea\vat<'r 
made negatively phototactic animals positi^A^ a?id \’ic{‘ versa.: 
that increase of temperature and decrease of concmit ration nnui(' 
positive animals negative. Similar effects of temjieraturc wvro 
noted in Polygordius larvae. Strassburger (78), Massart, Holmes 
and Mast found the opposite effects in swarin-spon^s, l^rotozoa 
and a species of Ranatra. Later on Loeb su])plem(‘nted his 
communications by the discovery, that freshwater (hmmmrus, 
Daphnia and Volvox could be made strongly positive' hy adding 
acids, especially CO 2 , to the water. The same clear r(‘.siilts 
could not, however, be obtained in marine ])lanktonic fonns. 
In the nauplius of Balanus perforatiis Loeb could obs(Tve a 
strong influence on phototaxis only by exposing tlie ani^nals to 
very strong or very weak light. Strong light made jinsitive 
animals negative, weak light made negative animals positive. 
The ultra-violet rays proved to be special^' effective in making 
positive animals negative. In fact, their effect was stronger 
than that of all other rays combined. Rothert, in experiment- 
ing on the effect of alcohol, ether and chloroform on free swim- 
ming plants, found the light reactions of (ionium and Pandorina 
to be inhibited by some of these narcotics in a certain dosation, 
the power of locomotion remaining unaffected. 

According to the investigations of Tappemer and Hertcl a 
similar modification of light reactions is brought abouv } cc r 
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tain dyes, especially by eosine. Hertel showed, that Paramaecia 
and Rotatoria can be killed by light of certain wave-lengths, 
provided that by artificial staining their protoplasm is put in a 
position to absorb the light rays acting upon it. Ultra-violet light, 
however, obtained from the spectrum of magnesium-sparks, 
had a deadly effect also on unstained animals and was thereby 
shown to be absorbed by protoplasm under all circumstances. 
Green light, for instance, would attain the same result only, 
after eosine was added to the water containing the animals, in 
a dilution of 1:1200. This effect of certain dyes, because of its 
similarity to the process of color-sensitisation in photography, 
has been defined as ‘sensitisation^ of the protoplasm. Accord- 
ing to Hertel, it is also possible to make the retractor-muscle 
of the syphon in Sipunculus directly sensitive to light by staining 
it with eosine 1 : 3000, while the ventral cord in the same species 
is stated to be sensitive to light without staining, through natural 
pigmentation. 

Starting from these experiments I tried to obtain modifi- 
cations of the light reactions in various marine animals by arti- 
ficial means. I must confess that my expectation to find changes 
in the sensibility of a given species to colored rays of not 
excessive intensity by staining the animals, was not fulfilled. 
Nevertheless, I hope that the results obtained in the other 
experiments mentioned may justify publication. 

My experiments were carried on in a spacious dark room of 
the Naples Zoological Institute from February to August 1911, 
I wish to express my special obligations to the Prussian Minis- 
try of Education for the use^of the table and to Dr. Burian, 
Dr. Bauer and Dr. C^rutti for their help and advice during the 
course of my w^ork. 

After some weeks of unsuccessful research the nauplii of Bala- 
nus perforatus, on which Groom and Loeb had experimented 
more than twenty years ago, proved to be the most satisfactory 
objects. These authors have thoroughly investigated and de- 
scribed the characteristic behavior of the nauplii. After hatch- 
ing, the larvae show strong positive phototaxis. After being 
exposed to light for some time they first begin to oscillate between 
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tlft positive and negative orientation ainl tlnai tinally nnaa'se 
their reaction, becoming negative with a velocity proportionate 
to the light intensity. If the ligiit is v(M-y weak, the la'version 
does not occur at all. As the authors saw positive animals 
swim from direct sunlight into ditfusial daylight and in‘galiv(‘ 
animals take the opposite course, provitled only that tiu'y were 
following the direction of the liglit rays, tluw (anicliuled. that, 
in accordance with Loeb's theory of phololaxis. not light inten- 
sity, but the direction of the light rays, was the (hhermining 
factor in orientation.^ ^Moreover they did not snctaa’d in linding 
any influence of sudden changes of iiPensity on tin' bi^havior 
of the nauplii. They concluded from exp(aani('nts with red .-md 
blue glass, that the short wave-lengths w(>r(‘ of gnaPTi: (‘iTer't. 
than the long ones. Finally, they tr'ml the etfeia of t‘hnng('s 
in temperature and salt-concentratjon, but without apparmit 
results. Hess, in the course of iiua'stigatiori on tlie scaise of 
sight in invertebrate animals, arrived at the conelusion, that 
they all showed the maxinmiu of stimulation in tin' green ami 
yellow-green parts of the spcetrunp not in the l)lii(' and vioh'l, 

, as was to be expected by the older experiments with eolor-senvus. 
This caused Loeb to reinvestigate the ciuostion, togi'lluT with 
Maxwell. They experimented on the (hihf.nauan Kalanus and 
Volvox Mowing the method of Hess After 
containing the animals, in the liglrt of a spectrum, hey found 
the largest gathering in the green. Hess simultaneously obtaiued 

similar results with Balanus at Naples. 

I first examined the behavior of the nauplu m ivlut, hgl ^ 

.o« ii« ..»K" 
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on the side facing the lamp. If the lamp is attached at a le^l 
with the animals, outside the glass containing them, they mostly 
remain near the bottom and but a small column of nauplii -is 
seen along the side up to the surface. Not before the lamp is 
lifted considerably above the surface level does the aggregation 
of nauplii near the surface increase. If one now inserts a smoked 
glass between lamp and glass vessel, all the animals instanta- 
neously rise towards the surface, but some of them will sink 
again after some time. By inserting a second smoked glass the 
same effect may be attained a second time, causing practically 
all animals to collect tiear the surface. If one now takes away 
one of the smoked glass panes, all nauplii will begin rising again 
for just a moment, but soon commence sinking. One observes 
a column of animals moving^ down fairly rapidly and finally 
stopping; gradually they begin reascending. Obvioitsly the nau- 
plii of Balanus show a typical reaction to changes of intensity of 
illumination, just as I was able to demonstrate it for Cladocera 
and Copepods. Increase of illumination (within certain limits) 
causes first slight acceleration, then inhibition of locomotion, 
making the animal sink. Decrease of illumination causes accel- 
eration of locomotion, making the animal move toward the source 
of light. The same absolute light intensity will cause tlie ^nega- 
tive reflex^ when following a weaker illumination and the ^positive 
reflex’ when following a stronger one. This shows the nauplii of 
Balanus to adapt themselves to different light intensities, pro- 
vided these intensities remain unchanged for a sufficient time. 
If one brings the source of light vertically above the glass vessel, 
one does not generally succe^ in observing the sinking move- 
ment after increase of illumination. The animals collect near the 
surface and their locomotion, directed vertically upwards, is suffi- 
cient to keep them there even after a decrease in the energy of 
locomotion. With the light coming from the side the locomotion 
is directed horizontally, and even small changes in the rate of 
locomotion will result in a conspicuous change of position. 

I now tried to find out which wave lengths of the spectrum had 
the strongest influonco on the reactions to changes of intensity 
of illumination described above. Positively phototactic animals 
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were distributed iu eight glass tubes of 12 luin. diaiuottu'. arrang^al 
side by side in a small stand. A spootruin obtaitied from an 
arc lamp by means of a carbon bisuli)liid(‘ jn’isin. was thrown 
obliquely from above on the row of glasses. Before beginning 
the experiment I made the animals, who were eolh'etcMl nm 
the surface, adapt themsolves to weak light retied ed frmnthe 
ceiling. As soon as the arc lamp was switched no, the animals 
began to sink in the green and yellow-gi'cam, after that in the 
blue-green, blue and j^ellow and finally in tlu* violet and the 
red. The lower border of the part of the tubt's filled with .anb 
mals formed a blunt cone having its lowest point iu th(‘ green 
and yellow-green. The same experiment could also made 
in the reverse way. I made the animals adapt themselvi's to 
the different spectrum colors. MTicn a strong whip' light was 
switched on at some distance from the si(k> of the glass(‘s, th(‘ 
animals in the green part of the spectrum wouM sink last, as 
they were adapted to the strongest liglit, th()s(' in th(‘ red and 


violet first. 

By another experiment it can bo shown, that th(‘ sani(' rays 
that bring about the strong rcactiojis to changes of Ihc inten- 
sity of illumination have also th(' strongest orirading jkjw^t. If 
a narrbw cuvette with parallel sides, filled with larvae^ is ('X})os(mI 
to the spectrum, the long axis being cut at right angles )>y tlie 
direction of the rays, the major part of the animals actammlab's 
in the yellow-green and green. One can observ(' ilu' animals 
swimming toward this part from all sides, leaving the ivsL of 
the glass nearly free. In the yellow-green tluy gradually sink 
to the bottom and collect therein largo numbers near the front 
pane. The negative animals are found in the viol(>t and rih 
near the rear pane, while the green part remains fire o{ iwgatrye 
animals. These experiments, frequently repeated, confirm the 
results obtained by Hess, who found the '’y® y'' 

to light in a great number of invertebrates to occur m the g ee 
and%llow-green parts of the spectrum. It is important 
keep in mind, that the same rays have the sfrongest effect on 

above. I find it necessary to state m parenthesi.s that the am 
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nials in being oriented by the light rays follow a line strictly 
defined by the parallelogram of forces. An animal swimming 
on one side of a trough covered by the light of a spectrum, say, 
in the violet, will be directed both by the violet rays coming 
from the source of light and by the blue, green and yellow-green 
light dispersed by the front pane of the trough, as can be seen 
with the naked eye. The animal may consequently be observed 
to direct its course between the two, arriving at the front pane, 
say, in the blue. It now continues to work along against the 
pane, but directed obliquely against the green part, till it comes 
to rest in the green light itself and is now oriented chiefly by 
the direct light. Even a very slight excess of stimulation on 
one side by the dispersed green rays will suffice to bring animals 
utlimately into the green. Loeb is therefore perfectly justified 
ill assuming that the phototactic animal moves in the direction 
of the light rays and statements to the contrary made by differ- 
ent authors since the beginning of experiments on animal tro- 
pisms, lastly by Hess^ as recently as 1911, must be based either 
on insuffiment observation or on inaccurate reasoning. It is 
necessary to come to a plain understanding on this question 
after so many years of experiments. 

Having ascertained these facts it was important to* know 
whether the green rays possessing the strongest effect on pho- 
totactic motor reflexes would also be most important for the 
process of making positive animals negative. This question 
cannot by any means be answered in the affirmative a priori, as 
previous authors have tacitly done. If it is probable that the 


® Hess’s assumption that phototactic animals are not forced to move along 
the line of the light rays but choose their way to the field of strongest illumina- 
tion— at right angles to the direction of the light rays if necessary — is due to his 
overlooking the facts mentioned above and to a faulty interpretation of the 
tropism theory. The tropism theory does not assume the animals to move to- 
wards ‘the’ source of light, unless there is really one source of light only. If 
light can strike the animal from several points, even if the excess of light on one 
side be very slight, it follows a course defined by the parallelogram of forces, 
as has been pointed out by Loeb from the very beginning. It is Loeb’s merit, 
to have pointed out the purely raachine-Iike and stereotyped character of photo- 
tactic reactions which differ from orientation in higher vertebrates by the very 
fact that there never can be any ‘choice’ in the direction of locomotion. 
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reactions to changes of intensity desci-ibed above and shown 
to be instantaneous and very raisily nn orstble, art' t'ift'cted through 
the medium of the eyes, this is not eortain for ihi' ndativi'ly slow 
non-adaptive process of ncgativation, Slioiild tins ])roeess he 
brought about by photic stimulatio]! of llu' (*y(‘. we would liai'e to 
assume either a second slower, non-ada])tiv(' photoeheinieal pro- 
cess running alongside of the other, or <'lse siumnattirv action 
of the quick and adaptive process. Iciuiiitg to a new an<l stronger 
effect. These conclusions seem cogent, after the tnlatdive char- 
acter of the reactions to changes of intensity of ilhiinniation 
has been recognized, 

A fact which may at. first sight speak against the photoreta’))- 
tors as mediators of the process of negativation is the discovery 
made by Loeb, that ultra-violet light of a mcmiry lanm makes 
the Balanus-larvae negative at a (piicker rate, than sunlight, 

■ especially if the latter is deprived of its ultra-violet rays by 
means of a glass plate. The rays of shortest wavi'-lengih would 
thus have a stronger negativating iiifiucnee than all the olhei 
rays put together. Thi.s maximum would not conUde wi 
that found for orientation. On the other hand it is 
that in the case of the ultra-violet rays we y' 
special case influenced by the deleterious effect of the. < .a s o 
the entire protoplasm; that ultra-violet light acts directb on 
the chemical processes of metabolism and stends apar m .. 
Tt is shown by the following exporiment, tlut uUi* 

tS 

■"Z bi..« -a 1“:“ r, 

diffused daylight or sunligh . ^,njowred. .kfter a few 

clean glass plate, the other Jiffused light 

minutes in sunlight or one to ^ in the 

the naupUi in nncovored d shjem 

covered dish lived for lOurs. ,vhich did not weaken 

merit. Every time a simple harmful effect 

the visible rays ostensibly thereby that the effect 

of strong light on the nauplu, showing thcrcDj 



598 


WOLFGANG F. EWALD 


was due to the ultra-violet rays. The glass plate had also a 
visibly retarding effect on the negativating process. 

Returning to the effect of light on the process of negativation, 
I will first give a description of the visible phenomena connected 
with this process. The animals normally collect near the sur- 
face on the side of the vessel nearest to the Ught (^positive pole^ 
of the vessel) provided the rays strike the vessel obUquely or 
from the side. If the light intensity is not inframinimal for 
negativation, the animals begin after some time to sink to the 
bottom and to collect there likewise at the positive pole. It 
is not before a considerable time that the second phase of the 
process begins^ the nauplii reversing their orientation and; in 
consequence, collecting round the negative pole. According to 
the light intensity the first phase will last for a longer or shorter 
span of time. 

To decide the effect of the different wave lengths of visible 
light on the process of negativation I proceeded by two different 
methods. First I used an arrangement similar to that described 
above for lasting the effect of different wave lengths on the pho- 
totactic reflexes and orientation. The animals, equally divided 
in thirteen small tubes, were brought into the strong primary 
spectrum of a Rowland grating. Sunlight, projected into the dark 
room by means of a heliostat, was used for illumination. When 
the glass tubes were brought from the dark into the light of the 
spectrum, one could again observe the animals sinking most 
strongly in the green, less so in the blue, still less in the yellow, 
while they remained close to the surface in the red and the violet. 
This difference was observed to persist, if the light rays struck the 
glasses about horizontally, this being a case of permanent regu- 
lation of the position by light intensity. If the nauplii were not 
too old — younger than forty-eight hours — they would begin to 
become negative after some time, first in the green, shortly after 
in the violet. Later on the animals in the blue-green and blue 
followed, finally those in the yellow. In the red part only a very 
slight negativating effect could be observed. One glass served as 
a control and was placed outside the spectrum. Here the ani- 
mals would not become negative. As soon as the animals became 
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negative, they were removed from t!\e ;il;iss(>s with ;i idpette. 
As a consequence, the tubes in the violet and tlu' greeii light 
were first emptied, ail nauplii having become negative: tlu' blue 
and the yellow tubes followed much i:iter, and the nnl WfUild 
take a very long time. 

Similar results were obtained with eohu-lilters. The snnse 
glass tubes which had been disposed iji the s])eetnmi were put 
into wider glasses containing a colored liquid. Tlu' glass (ulx's 
were corked and entirely surrounded by the li(|nid. 'Hie tiller- 
liquids consisted for 

Violet of methyl- violet (area tran^jiiiitteil from U)(l-'(7»!/i ;uiil from hJo iOi),0 

Blue of coppcracetate + mothyl-violef with addition of .ammonia (area lra!i>- 
mitted from 440-48")^) 

Oreen of copperacetatG -h potassium inonoelironi.'ite wiOi addition of ;imimmia 
(area transmitted from 480-oG0;ii) 

Red of lilhium carmine (area transmitted from (ilO TOIVt 


The layer of colored liquid siii-rouiuliiif: thi‘ t;l:isses was no- 
where less than 12 mm. dee]). The tmiismitteii aivas were 
tested with a Zeiss spectroscop(‘ and as far a,s ]iossii)le tlie I'xiine- 
tion of all the areas was made equal l.)y means of llic Ihipelin.ann 
'Microspectralphotometor;’ tliat is to say: eacli .area w.as in.aile 
to transmit the same fraction of tin' color.al liplit of e.|nal w.avi- 
lengths existing in the solar spectrum by iTgulaling the sat ora- 
tion of the colored solution. 

As in the previous experiments, tlie different pnsilmn n l.l.e 
animals in each color after distributi.m in the 
was very noticeable; as usual the nauiffu we.re noaresl. he 1ml l.nni 
Tthe green, nearest the surface in red and vmlet. f the sens, - 
VLi of the larvae stood in a favorable propo, > a; 

intensity of illumination, it was frequently observ, t . • y 

became negative in the violet and green o. " 

nositive for several hours in all other colors. If 1 ih< '> >>' '''h ^ 

»us«l Iky >>■'“"« ,,„l .K 
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sufficient exactitude the effect of the extinction of the mono- 
chromatic light from the effect of its wave length. In fact the 
effect varied, especially in the green, according to the opacity 
of the solution. 

Wo may state in conclusion, that two maxima of negativating 
effect were found inside the visible g)art of the spectrum: one Hn the 
green and one in the violet, the minimum being in the red. If we 
were to show the negativating effect of light rays by a curve, we 
should hate to begin with a maximum in the ultra-violet slowly 
falling towards the blue, rising again to the yellow-green and 
falling steadily towards the minimum in the red. The nature of 
the curve makes it probable, that we have to deal with at least 
two interacting effects, one of which may operate by the med- 
ium of the eyes (maximum in the green) while the other acts on 
some body substances through the cuticle directly (maximum in 
the ultra-violet) . 

I cannot, however, refrain from mentioning the fact, that this 
result was not always attained. Especially during experiments 
in which the pure, strong and broad spectrum of the Rowland 
grating was replaced by the considerably smaller, weaker and 
less pure spectrum of a carbon bisulphide prism, the effect in 
the green was invariably so small, that I stated a minimum 
instead of a maximum in this part. The negativating influence 
of the yellow and even the red rays was sometimes stronger 
than that of the green ones, whereas the effect on the motor 
reflexes was also in this case strongest in the green. 

To conclude, I will mention a few experiments on the dele- 
terious effect of concentrated monochromatic light. If the ani- 
mals contained in the color-filter glasses described above were 
exposed for about two hours to full sunlight, they were killed 
first in the violet, later in the green and the blue and not at 
all in the red. To the eye the red solution seemed most trans- 
parent, the violet nearly opaque. The permeability to ultra- 
violet rays was probably equally small in all glasses. 

I shall now proceed to describe a series of experiments carried 
out in order to determine the effect of variations of the tem- 
perature and the chemical composition of the water on the light 
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reactions of Balaiius-larvao. Before doserilnn^ tliese {>xperi- 
ments, it should be mentioned that luy results were always 
controlled by comparison w'ith animals, cauj^hl at tlu‘ sanu' ]>oIe 
of the same vessel as the animals experimenttHl on, Init kt^[)t in 
pure seawater of normal tem])eratiire. This is inip()rtaii1, as 
the animals change their reaction when exposeil to liglit with- 
out any other influence being brought to bear on them, mui as 
it is therefore possible only to detinniine tlie infhumef* of tiie 
agent to be tested by comparison with normal animals umler 
equal conditions of illumination (and lenijxa-atuRO. 1 will 
mention first the effect of changes in temperature. 

I found without exception, that inereaso of tennperatun' made 
positive animals negative and negative animals mon' m'galivaa 
and that decrease of temperature made negative animals posi- 
tive and positive animals more positive. I never noted any 
uncertainty in this effect of temperature. Tlie amount of the 
change in temperature necessary for th(^ revei-sing of tin' reaction 
to light depends on the age and state of the larvaiN Tlu' nda- 
tion between the inclination to positive or negative ri'action, 


the quotient - indicating the degree of neutralisation of two 

antagonistic processes causing positive or negative reaction, con- 
stitutes what is called the ‘Lichtstimmiing^ of the organism. 
The factor of 'Lichtstiinmiing’ must be considered in all obser- 
vations on the effect of stimulating agents. If, in our cas(', tln^ 
nauplii are approaching the negative condition (ovnig to the 
effect of illumination, a slighter increase in light intensity wil 
effect the change of reaction than if they had just been expose! 
to light Young animals are more easily influenced than old 
ones. A change in temperature of about yor GAA, howc.. 
always b,as the desired effect. At about + o C. the ■>« ‘P^" [ 
into cold rigor; they will stand being treated to more than 3( (,. 
As an increase of about IX’. will under certain circums ances- 
especially if the larvic are newly hatched -sutliee to make them 
negativefit is most important to maintain a con.stant tempera- 
ture during all experiments on phototaxis. 
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I will next discuss the influence of the salts of the seawater on 
phototaxis. In this connection I desire to express iny thanks to 
to Dr. 0. Meyerhof, who gave me many valuable hints. Acting 
on his advice I used 0.65 molecular solutions which corresponded 
best to the concentrations found in the Naples Aquarium water 
at the time. I made up solutions of chemically pure sodium 
chloride, potassium chloride, magnesium chloride, magnesium 
sulphate and calcium chloride. The magnesium and calcium 
chloride were tested by titration. The effects of the different 
salts were studied firstly by adding them to pure isotonic sodium 
chloride solution, secondly by adding them to natural seawater 
and finally by eliminating successively each component salt from 
artificial seawater made up of the five components mentioned, 
with the addition of the necessary amount of alkali. The arti- 
ficial seawater had the following composition: 


cc. 

0.65 mol. NaCl 100.0 

0.65 mol. KOI 2.2 

0.65 mol, MgCU- 6,6 

0.65 mol. MgS 04 4.2 

0.65 mol. CaClz 2.0 

1.00 mol. XaHCOa 0.25 

O.lOmol. XaOH 0.2 


The amount of alkali is that found by Warburg at the Naples 
Institute by comparison with natural seawater. The animals 
kept well in this artificial seawater, if not quite as long as in 
natural seawater. There was no effect on phototaxis on trans- 
ferring the nauplii into artificial seawater. That is: the time 
elapsing until the reverse of orientation under the influence of 
a certain source of light was neither shorter nor longer than in 
control animals kept in natural seawater. The artificial sea- 
water was therefore in its influence on phototaxis equivalent 
to natural seawater. 

When the animals were transferred into pure isotonic NaCl 
solution, negative larvae became positive, pj)sitive larvae more 
positive. Moreover, positive animals would not become nega- 
tive again, even under the influence of fuU sunlight, including 
the ultra-violet rays. They died after a short 'time through 
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the action of the ultra-violet I'ays, sinking down on the [)osi- 
tive side of the glass. They h.ad apparently lost the possibility 
of negative orientation. The same effect could also be obtained 
by adding to the NaCl solution pure natural seawater in the 
proportion of 1;1; in this case the animals w('re less alfeeted 
by the solution, while in pure Naf'l tliey soiiu'tiines di('d afti'r 
a quarter or a half-hour. Added to natur.al seawater in small 
doses, NaCl solution accelerates (he positive and retards the 
negative reaction at a degree depending on tlie valm' of (he (pio- 


tient - (Lichtstimmung). Correspoiidiiiglv, the threshold cini- 
n 

centratioii required to bring about positive reaction in negatix’e 
animals is different. Leaving XaCI out of artifieial s(>awaler 
has an effect contrary to that obtaiticd by adding it to jxiire 
seawater. It increases the negative and diminishes the jaisilivc 
reaction. The best solution proved to be oik' eontaiiiing al)i>\it, 
two-thirds of the ordinary amount of XaCl, Lower cmii'en- 
trations were harmful. The re.sult obtained i)oiii(ed to tlie prob- 
ability, that there were other salts in the .sohition antagonistic 
to NaCl, ’whose effect predominated when Xat 1 was diminished. 

Potassium chloride had an effect similar to, but considerably 
weaker than that exhibited by sodium chloride. I’uiv isotonic 
KCl solution killed the animals instantly and if added to natural 
seawater in proportions above 1:130 proved to lie ,.oisoinms 
also If the concentration i.s slightly weaker than 1 posi- 
tive reaction is increased, negative reaction dmmii.dicl, but 1 
never saw large quantities of animals become instantly positive 
as they did after a sufficient addition of isotonic \a . I I 
does not change the effect of pure XaCl solution if ndded in Ihc 
proportion prevailing in natural seawater, nor does ds oiiiissioi, 
from artifieial seawater cause any alteratioii of ^ 

Calcium chloride belongs to the same group as tin l'''> 
mentioned salts. Pure 0.65 molecular solution has a ^ 

« added to — 

far secondary effect of apparently paralysing the larvae. Um 
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rhythm of the locomotor movements is retarded and the orien- 
tation to light is at length totally abolished, causing the animals 
to swim about unoriented. It would therefore be hardly appro- 
priate to attribute a positivating influence to CaCb. In a long 
standing tube with the source of light high above it, when normal 
animals would gather near the surface, animals in the CaCU 
solution are equally distributed throughout the entire length 
of the tube; the reaction to changes of intensity is considerably 
diminished or disappears entirely » Nevertheless, the animals 
live indefinitely in such a solution and swim about continuously. 
With CaCb also there was no effect when it was added to iso- 
tonic NaCl or omitted from artificial seawater. 

As in the two last mentioned salts, so in magnesium chloride, 
the pure solution was toxic. I may recall the fact that in pure 
NaCl solution the nauplii would not become negative. If, how- 
ever, MgCb or MgS 04 was added in the ordinary proportion 
of artificial seawater to pure NaCl solution, the retarded nega- 
tive reaction would be called forth instantly, provided the light 
was strong enough. There is no appreciable difference in the 
rate of negativation under the influence of a given source of 
light between larvae in natural seawater and in the mixture 
of sodium and magnesium solution. Apparently magnesium has 
the opposite or antagonistic effect to sodium. It was now the 
question, whether magnesium has in itself a negativating effect, 
analogous to increase in temperature, or whether it merely 
compensates the effect of sodium (potassium) if present in a 
definite proportion to these salts. This question is answered 
by experiments, in which magnesium '•chloride or sulphate was 
added to natural seawater. In this case there is no negativating 
effect whatever, even with the strongest concentration the larvae 
could permanently stand (1:25). We are therefore justified in 
assuming that magnesium acts only as a compensation to the 
positivating influence of sodium but possesses no negativating 
influence. This is confirmed by the experiments with artificial 
seawater without magnesium. If the solution contains no mag- 
nesium, the effect is similar to that of pure sodium chloride, but 
the animals would keep no better than in pure NaCl solution. 
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When natoa] seawater is added to the artilieial n,a.me..,„n-free 
seawater m a proportion of 3 : 1 , the animals would iv i 
olution for some hours withm.t becoming negative I v ' i 
few exceptional cases. Decrease of magnesium has then-fore he 
ame effect as increase of sodium or potassium, 1,, other w., .1 ' 
forarwrmal pwdudion of light reaction, it h nccccarg to hare ,hc 
correct proporUon of sodum (potacium) on one .id; and n.agnc 
smrn on the other In my experiments maKne.sium chloride |.n.v,d 
slightly more efiective than the sulphate. 

Lastly, among the constituents of .seatvater 1 hate to men- 
tion the alkali content. With the concentration prevailing in 
natural seawater no effect could be detected. Whvn nll all^ali 
was left out of artificial seawater or added to pure sulution, 
the reaction of the nauplii was not chanj^ed. A sti-onj^er con- 
centration of OH-ions, however, (about 2 cc. A NaOir in 100 
cc. of seawater) had a visible iiegativatin^^ intliHuiee; ammonia 
was still more effective (about 1 cc. m, in 100 (a*, of si^a- 
water), due according to the experiments on s{‘a-urehin oggs, 
to its permeating more quickly into the protoplasm. TIk' reac- 
tion of the seawater had in both cases becouH' strongly alkalim^ 
to neutral red. Both alkalies in the concentration nKaitioiK^I 


would quickly make positive animals negative and ])rcvmit 
negative animals from becoming positive, even in very wf'ak 
light. 

I believed it to be of interest, with reference to the ])apers 
by Loeb mentioned above, to see whether acids would liavf' 
the opposite effect. Contrary to the negaiivx' results that autlior 
obtained in marine forms of America, I found that the miiK'ral 
acids HCl, H2SO4 and HNO3 had a positivating effect, but (hat 
the effective concentration had veiy narrow limits. Only siwh 
concentration would prove 6ucce,ssful, as gave neutral red a 
slight pink hue, natural seawater giving a reddisJi yidlow color. 
Shghtly higher concentrations killed the animals, lower olios had 
no effect. In acetic acid and C02 1 saw no positivating influence 
nor was it very strong in the mineral acids mentioned. 

Lack of oxygen has a very strong effect on phototaxis. If 
nauplii are put in seawater which has been evacuated for a 
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few minutes by means of a filter pump (at about 300 mm. of 
mercury pressure) they become positive immediately and remain 
so as long as they are left in the water. Transferred into fresh 
water they become negative again with equal velocity. This 
is one of the strongest and most striking reactions. Traces of 
metal acted in the reverse sense. If traces of copper (Cua con- 
centration = are added to the seawater, all positive 

animals soon become negative and remain so. This effect is in 
accordance with the experiments on oxydation in the sea-urchin 
egg, where traces of metal also acted in the same sense as alkali 
and increase in temperature. I did not, however, repeat this 
experiment more than three or four times with different animals. 

I found no marked positivating or negativating effect with 
narcotics, of which alcohol, ether and chloroform were tried, 
though the tendency was rather in the former direction. They 
would, however, disorient the animals, like calcium, causing 
them not to assemble at the poles of the vessel but to swim about 
freely in all directions. 

Experiments with potassium cyanide, strychnine, oxygen and 
hydrogen peroxyde met with no success. Finally, I made ex- 
periments with changes in concentration. The result was the 
same observed by Loeb with Copepods: increase in concentra- 
tion had a positivating effect, decrease a negativating one. My 
best hypertonic solution contained 1 gram of pure crystalline 
NaCl in 100 cc. of seawater. The effect was very strong. To 
exclude the possibility, that the higher concentration of Na 
ions was responsible for tins result, I made a hypertonic solu- 
tion of magnesium chloride which could in no way be suspected 
of a specific positivating salt action. The positivating effect 
was less marked but sufficiently evident. I am therefore jiisti- 
fied in concluding, that hypertonicity alone has a positivating 
influence, though in the first case it may have been seconded 
by the* effect of the increase in Nations. Increase in concen- 
tration has the opposite effect. Seawater mixed with fresh 
water in the proportion of 7:1 quickly makes positive animals 
negative and prevents negative ones from becoming positive. 
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Unlike the Californian form vised by Lneh \yy naviplii showed 
no lack of precision in their response to ehanites of eoneimiration. 

To sum up, we may re])eat the nana's of all (lu‘ a^nmts (‘xperi- 
mented with, classed in three ^•]-ou]')s. Tlie tirsj contains those 
with a positivatint^ effect, including sodium, potassium. a<*ids, 
deoxygenated seawater, hyportonic si'^wnter aud decrease of 
temperature. The second coivtaius those with a negaiivating 
effect, including certain visible and im-isilde light rays, allodi. 
traces of metal, hj^potonic solution and inein'ase of t('mperature. 
The third contains narcotics, causing the animals In lost* tluMr 
sensitiveness to light and inchuliiig ealeium, alcohol, ether and 
chloroform. 

I will conclude the account of my work on Halamis iiau}>lii 


by a number of experiments made to test tlu^ inlliuaice oi vari- 
ous dyes on phototaxis. The larvat' wrw transfiMTed for some 
time into solutions of stains and then (wposc'd lo light of <liher- 
eiit wave lengths either in these solutions or in ])ure si'aw.atiu’. 

I tried methylene blue, cosine, erythrosine, liismarck brown, 
methyl green, neutral rod and orange. The v\W\ of slammg 
on the light reactions was ascertained by comparison with nn- 
stained animals, special care being taken to keep both stained 
and unstained animals under equal eonditioiis. 'I’he water was 
always taken out of the same aquarium for biilh sets of aminals. 
The only variable was the addition of tin' d>e. ^ 

I soon observed that animals whicli had Ixam slaineil m is- 
marck brown or metiiylene blue Ix.cauu- n.^gudive .nore qmckly 
than unstained larvae when exiKised to white hgi . 
sufficient for the animals to remain for one or two hours , .. 

solution with just a shade of brown or bluj' ; 

result and the same effect was reached when th. a v 

put into the color solution an<l exiiosed to ught a o,»e 
Line the effect was very slight and not always observable and 
with the rest of the dyes no effect was seen id a ■ 

I then exposed animals stained brown oi b uc lo strong 

fii.1 liiM .nonochB.m.t« by * ' 

51 . of n»«b™.«o t™ y..|b»' ...I 
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tion of copper acejate with addition of methyl green and lithium 
carmine for the blue filter. In both colors the animals stained 
with Bismarck brown became negative first, those staiped with 
methylene blue second and the unstained ones last. I was 
therefore not able to state that the complementary colors cluefly 
absorbed by the dye (yellow for the methylene blue and blue 
for the Bismarck brown) had a stronger effect than those of the 
same color. This is, however, what ought to have been the 
case, if I had succeeded in producing a ^se.nsitisation.’ More- 
over, the difference in the velocity of negativation between 
stained and unstained animals was not considerable, the negati- 
vating effect of the dyes being very small in comparison to mosi 
of the agents mentioned in this paper. The effect of heat was 
not, however, to be made responsible for the result; special 
measurements showed that the differences never exceeded 0,4 
to 0.5 of a degree (C.), the water being warmer sometimes in 
the colored and sometimes in the uncolored water. The poison- 
ous effect of the dyes made it impossible to use higher concen- 
trations. All these observations indicated the probability that 
the effect of methylene blue and Bismarck brown had nothing 
to do with their color but with their containing some chemical 
agent, which would make the animals negative in small con- 
centrations and kill them in stronger ones. It is well known 
that methylene blue is poisonous for living protoplasm, especially 
in the light, and the same is true, according to Straub, for eosine, 
which is said to form a hypothetical poisonous eosine peroxide 
under the influence of light. In my experiments all the dyes 
mentioned proved to be toxic even in the dark in concentrations 
slightly higher than those used for my purposes. To obtain 
a final answer to the question at issue I made use of the reaction 
to changes of intensity of illumination, mentioned in the begin- 
ning of this paper. Three glass tubes with brown, blue and 
unstainefl nauplii were made to adapt themselves to weak light 
coming from above. After some time, the strong monochro- 
matic light was turned on, the source of light being at a level 
with the surface of the water in the tubes. The nauplii sank 
every time with equal velocity in all three tubes, whether I 
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turned on the yellow or the blue light. I coi^hulcd that there 
is no sensitisation of the protoplasm of eye or body of the iiiupdii 
by the dyes used and that their nogativating iiitluence is prob- 
ably due to a noii-photochemical ctTeet on the protoplasm. 

Concluding from the information gaincMl by my experiments, 
on the behavior of free Balanus larvae under normal conditions, 
it may be supposed that they react ^■ery similarly to tlie other 
planktonic forms investigated by tin' present author. .After 
hatching, the larvae swum towvards the surfinr, the strong in- 
crease of light causing them to sink down again xny soon by 
inhibition of their locomotion. Their movenuaits wHl consist 
a continuous alternatian of sinking and vising Cperiodical 
locomotion,’ Ewuild TO) caused by suceessivt' inhibition and 


stimulation, without ever neces.sitating the taking iilaei' of nega- 
tive reaction. This reaction probably eonstitut(‘s an nrtiheiid 
product of the laboratory. The ‘periodi(‘al lo(‘omotion’ as de^ 
scribed in the paper referred to above, causes th(‘ anuuals to 
maintain themselves in an area of equal illumination throughout 
the day, taking them gradually up in the eviming and down 
in the morning. In the evening, .lceren,se of .Ihnnnutum 1 
slowly shift the position where inhibition due to prolonged up- 
ward locomotion takes place, nearer and y' 

while the reverse is the case for the mormng. It thi.^ mm 
"to assume that the .animals constantly r ange between 
positive and negatwe reaction, as was suppo,^d J.; 

eminent usefulness of this mechanism is p | , 

■ ments demonstrating the strong deleterious effect of Urn ligl 

ravs of short wave lengths on the naup u. 


hodiary 

I. Effects oj lighi 

" «;r'artSt "mid t r 

lJ:::Taadocera and 

causes inlubition of locomo ion^ of illumination causes 

tion; the result is a siimi g 

THK JOURNAL OF EXPF.RlMKNT.tL ZOObUOV, VOl. IV NO- I 
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acceleration of Iqconiotion. Within limits, the absolute inten- 
sity of illumination does not alfect these reactions. 

2. It was found that light of different wave lengths influenced 
these reactions in a different way. Green and yellow-green 
have the strongest effect; blue-green, blue, yellow, violet and 
red follow in the order named. 

3. The same order of efficiency is found, when the orienting 
power of different parts of the spectrum is tested. The positive 
animals collect in the green on the side near the light, the nega- 
tive animals in the red and violet on the far side. 

4. The velocity with which positive animals become negative 
is also different for different parts of the spectrum, but in|^ 
different order. Balanus larvae became negative most quickly 
in the violet and in the green, less quickly in the blue and the 
yellow and hardly at all in the red. 

5. The ultra-violet rays have the most strongly deleterious 
effect on the larvae. The violet rays follow next, then the green 
and the blue, while the red rays of the intensities tested had no 
harmful effect. 

77. Effects of temperature 

6. Increase of temperature made positive animals negative 
and negative animals more strongly negative; decrease of tem- 
perature made negative animals positive and positive animals 
more strongly positive. 

777. Effects of the salts of the seawater in isotonic solutions 

7. Isotonic sodium chloride solution, pure or added to natural 
seawater, makes negative animals positive and positive animals 
more positive. If sufficiently in excess of the other salts, it 
inhibits negative reaction entirely. 

8. Isotonic potassium chloride solution, added to natural sear 
water, acts in the same direction, though less effectively. 

9. Isotonic calcium chloride solution, added to natural sea- 
water, makes the larvae lose their power of reaction to light 
stimuli, causing them to swin^ about at random without nega- 
tive or positive orientation. 
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• 10. Magnesium chloride or sul])hato solution arts as an antago- 
nist to sodium. Added in the proportion prevailing in natural 
seawater to pure NaCl solution, MgClo brings about the negative 
reaction which is suspended in pure XaCl solution. Tlien^ is uo 
difference in response to photic stimuli betwc(Mi larvae in the 
sodium magnesium mixture and in pure seawater. For a normal 
production of light reactions it is necessai y to ha\ e the correct 
proportion of sodium on one side and magiu'sium on the otlier. 


IV. Other chemiail effects 


11 . Sodium hydrate or ammonia above a e('rtain conreiilra- 
t?on had a strong negativating effect. 

12. The mineral acids HCl, H 2 SO 4 and lINOa in a C(‘rtain 
concentration had the opposite effect. Ac(*ti(* acid and car- 
bonic acid had no effect. 

13. Lack of oxygen (brought about by (Aaciialing tlu^ st^a- 
water) had a very strong positivating effect. 

14. Traces of copper had a negativating ('fl('ct. 

15. Alcohol, chloroform and ether caused tlu' animals to lose 
their reactions to light. 


V. Effects of changes in coricentraimi 

16. Hypertonic solutions of NaCll or MgLb liad a strong posi- 
tivating effect, hypotonic solution of NaCl had an oiiually obvious 
negativating effect. 

VI. Effect of stains 


17 Staining nauplii with Bismarck brown or methylene blue 
had a weak, negativating influence, due, however, not to a sp(> 
cific color effect (‘sensitisation’) but to certain chemical con- 
ZlZ the stain. Other stains tried had no effect whatever. 
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